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Abstract



Dynapenia, the age-related loss of muscle strength
without the loss of muscle mass, significantly impacts the
physical function and overall quality of life in older adults,
thereby decreasing their health span. Skeletal muscle
strength loss has been shown to occur earlier and is greater
in aging females than males. Furthermore, clinical and
preclinical studies have measured associations between
skeletal muscle strength loss and the age at which circulating
estrogen begins to decline in females. Despite copious years
of skeletal muscle research, the molecular mechanisms
underlying muscle strength loss in aging females remain
poorly understood. Age-related protein phosphorylation
changes have been reported in skeletal muscle of males, and
protein phosphorylation alterations have been shown in
cardiac muscle across age and sex. However, the extent and
magnitude of these changes in the skeletal muscle
phosphoproteome of females in response to estrogen deficiency
have yet to be determined. This dissertation aims to further
our molecular wunderstanding of how estrogen deficiency
impacts skeletal muscle function (i.e., the force-generating
capacity of muscle) in females by investigating the skeletal
muscle phosphoproteome using high-throughput mass
spectrometry coupled with Dbioinformatic analyses and
computational modeling. First, using an ovariectomy model, we
determined the physiological remodeling of the skeletal
muscle phosphoproteome associated with estrogen deficiency.
Next, due to the controversies related to using an ovariectomy
model to implicate estrogen-related changes in aging females
and because the primary function of skeletal muscle is
contraction (i.e., molecular force generation), we sought to
discern estrogen deficiency-associated protein

phosphorylation alterations in contracted skeletal muscle via
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evoked electrical stimulations in ovariectomized and natural
aging ovarian-senescent female mice compared to their
respective controls. Examining the phosphoproteomic
alterations in resting, non-contracted, and contracted
skeletal muscle of estrogen-deficient females, we identified
novel phosphosites, candidate kinases and phosphatases, as
well as illuminated key pathways that are sensitive to
estrogen levels that may contribute to the loss of skeletal
muscle strength. This dissertation provides new avenues for
further research and novel targets for the development of
therapeutics and interventions to mitigate the loss of

skeletal muscle strength in females.
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Chapter 1

Introduction



Globally, the proportion of older adults in the
population is expected to increase dramatically. Older adults
aged 60 and older are predicted to increase 2-fold, and those
aged 80 and older are predicted to increase 3-fold by 2050 1.
This shift in the distribution of older adults in the world
population will bring about global challenges in healthcare,
economic disparities, and disease burden. Skeletal muscle is
the most abundant tissue in the human body, making up
approximately 40% of total body mass in a healthy adult. They
are crucial for controlling our movements and posture,
protecting internal organs and tissues, storing energy, and
regulating body temperature and metabolism. With age,
skeletal muscle strength begins to decline and can start as
early as the fourth decade of life ?*®. This age-related loss
of muscle strength without the loss of muscle mass is coined
dynapenia 7-8. Dynapenia significantly impacts the activities
and quality of life of the aging population °'?2. Therefore,
understanding the underlying molecular mechanisms of skeletal
muscle strength loss is paramount in combating the onslaught
of challenges associated with aging, as well as preserving
the health span into old age.

Historically, skeletal muscle function has Dbeen
primarily studied in males, humans and rodents !3!4. However,

skeletal muscle strength loss affects both men and women at



differing rates %!°. Studies have shown that skeletal muscle

strength loss occurs earlier in females than males in both
human and rodent studies !'%!7, Preclinical and clinical studies
have measured associations between when skeletal muscle
strength loss occurs, around middle age in females (~40 years
old in humans and ~16 months old in female mice), and the
decline of circulating estrogen !¢, Estrogen deficiency has
been shown to contribute to reduced muscle force and blunted

recovery of strength after injury %2,

Conversely, estrogen-
base hormone therapy in humans or ovariectomized (Ovx) mice
supplemented with estradiol (E2) has been shown to mitigate
or rescue strength loss 2077,

Skeletal muscle contraction (i.e., molecular force
generation) depends not only on the interaction of myosin and
actin but also in conjunction with many muscle proteins to
properly propagate the force throughout the muscle fiber. It
has been well established that myosin regulatory light chain
phosphorylation (pRLC) contributes to muscle activation in
smooth muscle and potentiates muscle force in striated
muscles ?2%2%, More, the discovery of the super-relaxed (SRX)
state of myosin and differing myosin conformational states
that may also be regulated by myosin pRLC has advanced our
understanding of the contractile regulation in molecular

force generation **. The reduction of muscle force in Ovx



female mice has been correlated with reduction in both myosin

3123, Presently,

pRLC and the SRX state compared to Sham mice
there is limited information on the molecular mechanisms
underpinning skeletal muscle strength loss in females.
Accumulating evidence indicates protein phosphorylation
alterations and adaptations in activities of kinases and
phosphatases sensitive to estrogen levels may mediate
molecular and cellular responses involved in muscle strength
loss of females 3%:34,

Therefore, the first aim of this dissertation examines
the impact of estrogen deficiency on the skeletal muscle
phosphoproteome in resting, non-contracted muscles of
ovariectomized (Ovx) via surgical ovariectomy (to disrupt the
production of ovarian hormones, particularly estrogen)
compared to Sham mice. The second aim examines the skeletal
muscle phosphoproteome of Ovx and natural aging, ovarian-
senescent female mice compared to their respective controls
in contracted muscles, as skeletal muscle contraction is an
external stimulus that induces protein phosphorylation. Taken
together, this dissertation comprehensively examines the
skeletal muscle phosphoproteome in two conditions, resting,
non-contracted, and contracted muscles of estrogen-deficient
female mice, using high-throughput mass spectrometry

discovery-based phosphoproteomics. Our phosphoproteomic



analyses combined with bioinformatic tools and computational
modeling identified novel candidate phosphosites, kinases,
and phosphatase targets sensitive to estrogen 1levels for
further evaluation of their physiological significance to

skeletal muscle strength loss in female mice.
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Literature Review



2.1 Skeletal muscle

2.1.1. Skeletal muscle anatomy

Skeletal muscle, the largest organ in the body, is a
voluntary muscle comprised of muscle fascicles that are made
up of muscle fibers (i.e., muscle cells) *. The bundles of
muscle fibers are composed of packages of myofibrils. Each
set of bundles is sheathed with connective tissue. The
epimysium wraps the entire skeletal muscle, whereas the
perimysium wraps the group of fasciculi, and the endomysium
surrounds the muscle fibers. The endomysium layer also
contains capillaries and nerves and covers the sarcolemma,
the muscle fiber’s cell membrane. The sarcolemma is a barrier
between extracellular and intracellular compartments like the
plasma membrane of other cells; however, a unique feature of
the sarcolemma is that it invaginates into the muscle cell
forming transverse tubules. Myofibrils are made up of
myofilaments - the thick filaments are composed of primarily
myosin along with myosin binding protein-C, titin, myomesin,
and obscurin, and the thin filaments are composed of primarily
actin along with tropomyosin and troponin. The thick and thin
filaments are anchored to the Z-discs and arranged in a
sequential repeating unit called sarcomere, which is ~2um
from end to end and is considered the foundational unit in

the myofibril, giving skeletal muscle its striated



appearance. Skeletal muscle fibers are multi-nucleated with
both the nuclei and satellite cells (i.e., myogenic stem
cells) located on the periphery of the muscle fiber. The
sarcoplasmic reticulum, a mesh-like sheath, wraps around
myofilaments and is a storage for calcium. A unique feature
of skeletal muscle is that it encompasses four different
myosin heavy chain (MHC) isoforms that make up the different
types of skeletal muscle fibers: one slow type fiber, type I
comprised of MHC-beta and three fast type fibers: type IIa
with MHC-IIa, type IIb with MHC-IIb, and type IIx with MHC-

ITx 3.

2.1.2 Skeletal muscle contraction

Excitation of skeletal muscle is triggered by the
binding of acetylcholine from the motor neuron to
acetylcholine receptors at the motor endplate, causing the
muscle cell to depolarize and generate an action potential.
The action potential is then propagated down the sarcolemma,
stimulating the sarcoplasmic reticulum to release calcium.
Calcium binds to troponin C, evoking a conformational change
in tropomyosin to reveal the myosin-binding site on actin.
Through the cross-bridge cycle, a power stroke ensues in which
actin is pulled and slides past myosin creating force at the

molecular level that leads to a muscle contraction.



Briefly, the cross-bridge ATPase cycle of skeletal
muscle myosin is intricate. First, the binding of ATP to the
myosin head causes the dissociation of the actin-myosin

37

complex °’. Next, the myosin head hydrolyzes ATP into ADP and

inorganic phosphate (P;) and becomes energized, weakly binding

37

to actin and creating a cross-bridge When the myosin head

releases P;, it becomes strongly bound to actin and
subsequently initiates a power stroke *. With this power
stroke, actin is pulled, and slides passed myosin toward the
M line of the sarcomere. After the power stroke, the myosin
head releases ADP and returns the actomyosin cross-bridge to
the rigor complex, where the myosin head is still strongly

bound to actin until another ATP binds to release the myosin

head from actin 3%8.

2.1.3 Myosin conformational states
Myosin belongs to the family of mechanoenzymes known as

molecular motors 2.

The myosin isoform found in skeletal
muscle is myosin II, which forms the thick filament and is
crucial in generating molecular force for muscle contraction.
Myosin II exists in three different states — the active state
that binds actin only during contraction, and then two relaxed
states, the super-relaxed state (SRX) and disordered relaxed

state (DRX), that predominate in non-contracting muscle

(i.e., during relaxation). The myosin states in relaxation



are in dynamic equilibrium, where the “off” state is the SRX
state (myosin heads folded back towards the tail), and the
“on” state is the DRX state (myosin heads interacting and
perpendicular to the tail). The ATP turnover rate drastically
differs among the active, DRX, and SRX states, being less
than 1ls, less than 30 s, and greater than 100 s, respectively
¥, The regulation of contraction was originally thought to
be dependent on the number of available myosin binding sites
on actin; however, the discovery of the super-relaxed state
and ensuing studies on myosin’s role as a mechanosensor have
advanced our understanding of the intricate regulation of
muscle contractility. Mechano-sensing of force, piperine
(i.e., Dblack pepper), or the phosphorylation of myosin
regulatory light chain will transition myosin from the SRX
state to the DRX state; whereas, interaction with myosin bind
protein-C will transition myosin from the DRX state to the
SRX state %%*, Studies have shown that only myosin heads in
the DRX are able to move to the active state, bind to actin,
and generate molecular force *43.

Cryo-electron microscopy has contributed structural
detail to the SRX and DRX states, revealing the structure of
myosin heads in the SRX state. In the SRX state, the myosin
heads are folded back towards the tail, and this structure is

termed the interacting-heads motif (IHM). It has been shown

10



that when calcium binds the essential light chain (ELC) of
myosin, it shifts the myosin heads to an “on” state from the
IHM (the off state) and may act as a molecular linker switch
regulating the DRX/SRX states in cardiac muscle ***. However,
there is 1limited work on the ELC in striated muscle,
particularly skeletal muscle, and what factors, such as

estrogen, have on modulating the ELC is yet to be determined.

2.1.4 Myosin conformational states and aging

Several pieces of evidence to suggest that female sex
hormones influence myosin and muscle contraction. Using an
ovariectomy mouse model (i.e., surgical bilateral removal of
the ovaries to mimic the loss of estrogen in menopause),
estrogen deficiency disrupted the SRX of myosin by decreasing
the ATP turnover rate in Ovx mice compared to Ovx + E2 (Ovx
mice treated with estradiol)®. In addition, Phung et al.
showed that age and sex affect the relaxation states of myosin
in skeletal muscle fibers of female mice compared to male
mice, shifting the DRX/SRX equilibrium *). Further, reduction
in myosin regulatory 1light chain phosphorylation (pRLC),
which regulates the transition of myosin into the DRX state
from the SRX state in skeletal muscle, after potentiation of
isometric twitch force was found to be correlated with the
loss of muscle force potentiation in OVX mice compared to

sham mice 2. In the same study, using the C2C12 muscle cell
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line, dose-dependent phosphorylation of RLC by estradiol was
demonstrated *. However, a study by Fillion et al., using the
same ovariectomy mouse model, found no impact of estrogen
deficiency on pRLC or potentiation of concentric twitch force
4, The disruption of myosin dynamics (DRX to SRX and vice
versa) during the relaxed state and decreased myosin pRLC may
lead to increased weakness with age resulting from slower

¥, Thus, more work is needed to examine

cross-bridge kinetics
age- and estrogen deficiency-related molecular mechanisms
regulating myosin pRLC and phosphorylation of other
sarcomeric proteins and their contribution to force
generation in females.
2.2 Skeletal muscle aging
2.2.1 Age-related loss of skeletal muscle mass

Skeletal muscle mass begins to decline in the fourth
decade of life at a rate of ~3 — 8% per decade *’. This rate
increases to ~8% per decade between 50 — 70 years of age and
then an accelerated loss of ~15% per decade after 70 #51,
Studies in men and women have reported a loss of 30 — 50%
skeletal muscle mass between the ages of 40 and 80 *!2°2,

Loss of muscle fibers may result from the loss of motor
units with age leading to denervation of the muscle fibers

and fiber death 5. The loss of skeletal muscle mass can be

attributed to losing muscle fibers, thereby altering muscle

12



fiber-type composition. Preclinical and clinical studies have
shown an increase in Type IIa fibers and a decrease in Type
II fibers #7034, In addition to the loss of muscle fibers,
muscle fiber-type atrophy (i.e., decrease in muscle fiber
cross-sectional area) contributes to the loss of skeletal
muscle mass with age. Specifically, atrophy of type I and

55-57

type II fibers The loss of muscle mass is further

accelerated with the beginning of menopause, which will be

discussed in a later section 2.

2.2.2 Age-related loss of skeletal muscle strength

The loss of muscle strength, which leads to the loss of
skeletal muscle function with age, is a component of
sarcopenia, the age-related loss of skeletal muscle mass and
function. There is supporting evidence that the loss of muscle
strength does not necessarily correlate with the loss of
muscle mass. This age-related loss of muscle strength without
the loss of muscle mass is termed dynapenia. It is well known
that muscle strength declines with age and that muscle
strength decline faster than muscle mass "%, Compared to
20-year-old individuals, muscle strength is 20-40% less in
those 70 or older and 50% less in those 90 and older 2. A
study examining hand grip and knee extensor strength in men
and women between the ages of 20 to 80 showed a dramatic

decline in strength in women after age 55, which is during
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the time around menopause .

Menopause and muscle strength
loss will be discussed further in the next chapter. A recent
meta-analysis examining isometric and isokinetic torque in
knee extensors of human males and females across ages from 57
different studies showed that the loss of isokinetic torque
declined 25 years earlier in females than in males °¢l.
Likewise, the loss of muscle force in the hindlimb muscle,
soleus, of male and female mice across ages showed the same
pattern '7.

Muscle strength loss with age may result from changes in
the contractile apparatus and between contractile protein
interactions. Moran et al. showed a significant reduction in
the number of strong-binding myosin heads during muscle
activation, thus reducing muscle force '®. Additionally, there
is evidence that aging decreases myosin expression and
myosin-actin cross-bridge kinetics that may result from the

6264

reduction in pRLC of myosin Reduction in pRLC has been

shown to correlate with decrements in muscle force 32

. However,
it is unlikely that RLC is the only contractile protein whose
phosphorylation state is modified by aging. Further studies
examining phosphorylation of skeletal muscle proteins and
muscle contraction is needed as much of the literature on

phosphorylation of contractile proteins stem from smooth and

cardiac literature.
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2.3 Estrogens and estrous cycle

2.3.1 Estrogens

In females, the primary sex steroid hormones are
estrogens. There are four types of estrogens: estrone (El),
estradiol (E2), estriol (E3), and estetrol (E4). E2 is the
predominant product in the biosynthesis of estrogens and is

the most potent biological estrogen 79,

In premenopausal
women, E2 is the primary estrogen, whereas, in postmenopausal
women, El is the predominant estrogen %%, Although E1 is the
predominant estrogen in postmenopausal women, it is a weak
estrogen (i.e., it is less potent to stimulate estrogenic
activities), and its estrogenic potency stems from its
conversion to E2; thus, it acts as a prohormone of E2 7°. E3
and E4 levels are only detectable during pregnancy, where E3
becomes the most synthesized estrogen during pregnancy by the
placenta, and E4 is produced solely by the fetal liver.
Estrogens are steroid hormones derived from a common
precursor, cholesterol. The synthesis of estrogens occurs
primarily in the ovaries, placenta, corpus luteum, and small
amounts from nongonadal organs, such as the heart, liver,

skin, adipose tissue, and brain 6:066871-73

It is important to
note that in young non-reproductive females or postmenopausal
females, the major site of estrogen synthesis is in

extragonadal sites, where synthesized estrogen acts locally;
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whereas, in reproductive females, the major sites are the
ovaries where synthesized estrogen is primarily released into
the bloodstream .

In the ovary, the thecal and granulose cells are
involved in the synthesis of E2 (Figure 7). Both thecal and
granulose cells can perform the first two steps of E2
biosynthesis: 1) cholesterol is converted into pregnenolone,
catalyzed by the cytochrome p450 side-chain cleavage enzyme
(P45scc), and 2) pregnenolone is converted into progesterone,
catalyzed by 3beta-hydroxysteroid dehydrogenase (3beta-HSD).
Where they diverge is that thecal cells are only able to
synthesize androgens from progesterone catalyzed by
cytochrome P450 l17alpha-hydroxylase (P45017alpha) and 17beta-
hydroxysteroid dehydrogenase (1l7beta-HSD) but wunable to
complete the biosynthesis of E2. In contrast, granulosa cells
can complete the biosynthesis of E2 but not the synthesis of
androgens. Thus, androgens synthesized in the thecal cells
are released from growing follicles to be transported to the
granulosa cells in order to complete the biosynthesis of E2.
On the other hand, granulose cells are unable to synthesize
androgen. Therefore, progesterone has to be transported into
the thecal cells for androgen synthesis. However, once

androgens are transported to the granulosa cells, the
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synthesis of E2 via aromatase (P450Arom) from androgens can

be completed.

2.3.2 Mouse estrous cycle
Female mice reach sexual maturity ~ 4 weeks (26 days)
after birth, and the estrous cycle begins with the opening of

74,75

the vagina The estrous cycle length is 4 to 5 days and

is divided into 4 phases: proestrus, estrus, metestrus, and

diestrus 747°,

The proestrus phase lasts less than 24 hours,
the estrus phase lasts from 12 — 24 hours, the metestrus phase
lasts from 8 — 24 hours, and finally, the diestrus phase from
48 — 72 hours . Unless the cycle is interrupted by anestrus,
pseudopregnancy, oOr pregnancy, it will repeat every 4 — 5
days. The proestrus phase parallels the human follicular
stage, which 1is associated with increased circulating E2
levels up to about 40 pg/ml . The rise in E2 level leads to
an increase in luteinizing hormone and the release of
follicle-stimulating hormone (FSH) ’¢. The peak of FSH
concentrations marks the estrus phase, with estradiol levels
rapidly declining to around 15 pg/ml and correlating to
ovulation. Without interruptions, the cycle will proceed into
metestrus and diestrus, which are analogous to the human early
and late luteal stage with increased progesterone levels 4.

In the rodent estrous cycle, the uterine 1lining is

reabsorbed, and the reduction in the number of follicles in
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the ovaries leads to ovarian senescence, similar to menopause

in humans 7.

However, some female rodents may also enter into
different reproductive-aging states. They may experience
irregular estrous cycles around 9 — 12 months of age and
transition into a polyfollicular anovulatory state of
persistent estrus resulting in sustained levels of E2 777,
From this persistent estrus state, they can transition into
an anestrous state, where ovulatory cycles stop, and gonadal
steroid 1levels are low or pass through a repetitive
pseudopregnancy before the anestrous state . At times, they
may even stay in the pseudopregnancy state until the end of
their lifespan, thus, generating high progesterone levels 7.
Due to the complexity of estrogen status in female rodents,
a sensitive and reliable method of confirming their cycling

status, such as vaginal cytology or measuring serum

estradiol, such as ELISA or LC-MS/MS should be applied.

2.4 Estrogen receptors

Estrogen receptors (ERs) are proteins found in the
cytosol or on the extracellular membrane, with expression of
ERs heavily dependent on tissue type. ERs can further be sub-
categorized based on their cellular 1localization, with
intracellular ERs falling into the nuclear receptor family of
receptors. In contrast, the receptors found on the

extracellular membrane belong to the membrane-bound receptor
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family. There are two nuclear ERs (ERa and ERb) which are
historically thought to contribute to all estrogen-mediated
signaling; however, over the last two decades, the membrane-
bound estrogen receptors (approximately 10-15%), which are
splice variants of the nuclear receptors, have also been shown
to contribute to overall estrogenic effects 80. The membrane-
bound estrogen receptors, including another ER, the G-
protein-coupled estrogen receptor (GPER), are exposed to
different stimuli and display different signaling kinetics
compared to the nuclear receptors.

The genomic effects of estrogen are mediated by
successful binding to the nuclear receptors ERo and ERP with
the concept of ligand-mediated changes in ER conformation
central to the mechanism of action. Once estrogen enters the
cell via passive diffusion through the cell membrane, it binds
to the nuclear ER and translocate into the nucleus. After
this initial binding event, the ER undergoes several
conformational changes that result in receptor dimerization.
This dimerization increases the affinity and rate of receptor

binding to DNA. Various ER dimers can be produced (ERa

homodimers, ERP homodimers, ERa / ERP heterodimers) depending
on numerous factors within the cell &.
Nevertheless, the ER dimer is responsible for binding

the estrogen response elements (ERE) located in the promoter
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region of target genes. This ER-DNA complex then recruits a
cascade of coactivators and other proteins to the promoter
regions forming the transcription machinery. It should be
noted that transcriptional regulation occurs on the time
scale of hours to days.

GPER is a membrane-bound estrogen receptor falling into
the superfamily of G-protein coupled receptors (GPCRs) as
their signaling cascade is dependent on G protein activity.
Upon ligand binding, GPER can mediate several rapid changes
in cellular function primarily mediated via secondary

messenger pathways (Ca2+, NO, cAMP) !,

Importantly, it is
possible through activation of GPER to induce tyrosine
kinases such as EGRF, IGF1R, and other essential
protein/lipid kinases (PI 3-kinase, Akt, MAPK), bringing to
light the 1large swatches of biologic activity estrogen
signaling may contribute 7!. It should be noted that the
effects mediated by membrane-bound estrogen receptors occur
on the time scale of seconds to minutes.
2.5 Estrogen-mediated signaling pathways

Four major estrogen-mediated signaling pathways are
currently identified: two ER-dependent pathways and two ER-

69

independent pathways . Estrogen-mediated signaling is

primarily through the ERs mentioned above, with the classical

genomic signaling through ERa and ERf. ER-dependent pathways
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can be initiated in the cytoplasm or the plasma membrane .

The estrogen-independent pathway triggered by IGFR, DAR, or
EGFR can also lead to ER transcriptional activities. Non-
transcriptional activities can occur by the membrane ERs,
GPER, or passive diffusion of E2 into the cell in ER-dependent
or ER-independent pathways.

Although we and others have shown that E2 and E2-ER
signaling is important for muscle contraction and the
generation of force in skeletal muscle, dissecting the
molecular mechanism of estrogen-mediated signaling in
skeletal muscle has been minimally investigated. We have
shown that estrogen impacts protein phosphorylation of myosin
RLC; however, estrogen may also impact the phosphorylation-
base signaling of other sarcomeric proteins. Thus, it is
crucial to investigate how estrogen may affect the
phosphoproteome and phosphorylation-base signaling in

females.

2.6 Estrogen and skeletal muscle

Estrogen has been shown to have a beneficial, protective
effect on skeletal muscle, affecting muscle structure and
function, muscle damage, post-damage muscle inflammation, and

8284 ' There are at least three

post-damage muscle repair
prevailing thoughts for how estrogen exerts its protective

effects on skeletal muscle: 1. estrogen acts as an
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antioxidant, stimulating expression and activities of other
antioxidant enzymes to limit oxidative damage, 2) estrogen
contributes to membrane-stabilizing effect by inserting
itself within membrane phospholipids, and 3) estrogenic
regulation of downstream genes and molecular targets such as

8, Preclinical and clinical studies have

contractile proteins
shown a significant effect of E2 treatment or hormone therapy
on muscle strength, which will be described in further detail

below.

2.6.1 Menopause

Women live through three distinct phases in their life-
span — the reproductive phase, the menopausal transition
phase, and the postmenopausal phase. More than one-third of a
woman’s life is now spent in the postmenopausal phase in the
majority of western countries ?’ Menopause is a natural
biological process defined as the stage in a woman’s life
where she is no longer fertile and is indicated by the end of
menstrual cycles. Typically, this occurs between the ages of
40 — 50, with an average age of 51 in the United States. It
is an age-dependent physiological condition resulting from
the decline of reproductive hormones (E2 and progesterone);
however, it can also be triggered by other causes such as
chemotherapy, radiation therapy, hysterectomy, and primary

ovarian insufficiency (i.e., when the ovaries produce
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insufficient 1levels of reproductive hormones due to
autoimmune diseases or genetic factors)3¢®,

Menopause is characterized by a natural decline in
estrogen, increasing visceral fat mass, and decreases in bone
mass density, muscle mass, and strength %. Estrogen has been
shown to contribute to the overall health of organ systems
and tissues. The decline in E2 level may contribute to adverse
health effects and functional decline of postmenopausal
women. The effects of menopause have been examined on the
health and well-being of women, ranging from their appetite
and the gastrointestinal system, the heart and cardiovascular
system, bone health to the neuromuscular system. Within one
year before and after the last menstrual cycle in the
menopausal transition phase, there is a substantial decline
in estrogen secretion ?’. Following this, in the early
postmenopausal years, there is a further gradual decline of

2768 As mentioned

E2, with levels declining to 0.04 nM or less
above, El1 becomes the primary estrogen in postmenopausal
females. It is synthesized in adipose tissue, where
testosterone and androstenedione are converted to El, thus
replacing the production of E2 in the ovaries ?’. The decrease

of estrogen in menopause has been associated with many adverse

outcomes in skeletal muscle, such as an increase in muscle
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weakness and injury, reduced power, and delayed recovery from
injuries %.
2.6.2 Estrogen and skeletal muscle mass

The loss of estrogen during menopause is associated with
body composition changes, particularly the decline of
skeletal muscle mass and an increase of intramuscular fat

h 38, A cross-

that may be related to a loss of muscle strengt
sectional study in menopausal women showed a decline of 0.6
% per year of muscle mass. In the first three years of
menopause, the total body potassium, a marker of lean body
mass, was also shown to decrease significantly ¥. A study
examining non-contractile muscle tissue per unit of muscle
cross-sectional area reported that postmenopausal women (65
to 80 years old) had two times the amount of non-contractile
muscle tissue compared to premenopausal women (23 to 57 years
old) . Additionally, the loss of estrogen may also influence
muscle contractile properties and intensify muscle damage,
inflammation, and recovery °!. Other important factors
contributing to reducing muscle mass in postmenopausal women
are protein uptake, oxidative stress, and physical inactivity
89

2.6.3 Estrogen and skeletal muscle strength

Poor muscle strength in postmenopausal women is a strong

risk factor for total mortality °!. The loss of muscle strength
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in females has been shown to decline dramatically around

609293 In human studies, to investigate estrogen-

menopause
related strength 1loss, many studies have been conducted
examining premenopausal women versus postmenopausal women and
postmenopausal women versus postmenopausal women on estrogen-
based hormone therapy. These studies show that strength loss
was prevented and/or reduced in perimenopausal women and
postmenopausal women on estrogen-based hormone therapy 22934,
In addition, a meta-analysis by Greising et al. found that
postmenopausal women receiving estrogen-based hormone therapy
had ~5% greater strength than postmenopausal women who did
not receive treatment °°. Compared to their male counterparts,
postmenopausal women experience decreased functional
capacity, more significant strength declines, impairments in
muscle repair, and increased rates of sarcopenia and
osteoporosis with age %%,

Using the OVX mouse model, estrogen deficiency has been
shown to decrease muscle strength. In animal studies, female
rodents supplemented with estradiol exhibited less muscle
fiber injury and inflammation after exercise-induced muscle
injury, and influenced the activation and proliferation of
satellite cells in the post-damage repair process %. Force

normalized to contractile proteins (i.e., actin and myosin)

was significantly reduced in the soleus and extensor
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digitorum muscle of OVX mice compared to sham mice across '823.

Further, when OVX mice were treated with E2, force was
restored to control levels 2). Using electron magnetic
spectroscopy, Moran et al. showed that force generation in
OVX mice was significantly decreased and resulted from
reduced strong-binding myosin during contraction and that
force generation and myosin function was rescued with E2
treatment 2). In addition, examining the recovery of strength
after injury in wild-type mice, Kosir et al. found that OVX
mice had a significant blunted recovery of strength compared

to sham mice "

. The molecular mechanisms underlying the loss
of muscle strength in females are not entirely known; however,
studies indicate that pRLC and changes in myosin
conformational states impact force generation/muscle
strength. It is unlikely that myosin is the only protein in
skeletal muscle affected by estrogen-mediated signaling, as
protein phosphorylation plays a key role in signal
transduction.

2.7 Phosphoproteomics

2.7.1 Protein phosphorylation

Post-translational modifications (PTMs) are
modifications on proteins during or after their assembly by
addition, removal, or folding of functional groups, which can

regulate protein structure, activity, interactions, and
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96-98 96,98

location Today, there are over 400 types of PTMs

Protein phosphorylation, a reversible modification, is one of
the most well-studied PTM due to its importance in signal

99-101

transduction and disease About 30% of the proteome is

estimated to be modified by phosphorylation with more than

500,000 potential phosphorylation sites 0102, In eukaryotes,
O-phosphorylation occurs on the amino acids: serine,
threonine, and tyrosine, with the frequency of

phosphorylation occurring at a ratio of ~1,800:200:1,
respectively ?®. The addition of the y-phosphate group by the
universal donor, adenosine triphosphate (ATP), to the
hydroxyl oxygen of the amino acid residue is mediated by

. whereas the removal of phosphorylation is

protein kinases
catalyzed by protein phosphatases.

Protein phosphorylation with the addition of one or more
phosphate groups has a profound effect on the biological
function of the modified protein. It can activate or
inactivate a protein and modulate molecular interactions and

100 The advent of high throughput phosphoproteomic

signaling
studies with mass spectrometry (MS), identification of
peptides, and localization of phosphorylation sites, has
prompted the creation of many software tools and

bioinformatics pipelines. More, utilizing kinase-specific

phosphorylation motifs in order to predict kinase-substrate
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interactions has resulted in the creation of prediction tools
such as Inference of kinase activities from phosphoproteomics
(IKAP), NetworKIN, NetPhorest, Ingenuinity Pathway Analysis,

and others.

2.7.2 Mass spectrometry

MS has become a powerful tool for the analysis of
phosphoproteins. Using high-resolution mass spectrometry, the
detection of mass to charge (m/z) ratio can measure the mass
difference between a phosphorylated peptide compared to an
unphosphorylated peptide, as phosphorylation adds a mass
shift of 79.99 Da to the modified peptide. However, due to
the positive ion mode of the MS, phosphopeptide signals and

ionization efficiency are low !*.

Therefore, phosphopeptide
enrichment is advantageous prior to 1liquid chromatography
coupled tandem mass spectrometry (LC-MS/MS). Higher-energy
collisional dissociation (HCD) is used for further MS/MS
fragmentation instead of collision-induced dissociation
(CID), as it preserves the labile phosphate groups on the
peptide backbone, thus, allowing for confident phosphosite
assignment !, Although CID with a 1linear ion trap is
traditionally used because of its sensitivity and speed,
MS/MS spectra from HCD fragmentation with an orbitrap mass

analyzer are of higher quality as utilizing both allows for

high-resolution ion detection, increased ion fragments, and
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no low-mass cutoff !05106

. Other fragmentation techniques that
can be wutilized are electron capture dissociation and

electron transfer dissociation.

2.7.3 Phosphoproteomic profiling of skeletal muscle
Technological advancements in phosphoprotein enrichment
strategies and profound improvements to mass spectroscopy,
resulting in faster and more sensitive data acquisition, have
dramatically increased the power of global phosphoproteomic

analyses !0?

. Although there have been phosphoproteomic studies
of skeletal muscle using cell culture, this section will
primarily focus on seminal studies from which skeletal muscle
tissue from human and rodent studies were utilized and in the
context of aging and/or sarcopenia/dynapenia.

The first phosphoproteomic analysis on aged skeletal
muscle (gastrocnemius) was performed in young and old male
rats (3 months old vs. 30 months old, respectively) by Gannon
et al. in 2008 to investigate muscle degeneration in a
sarcopenic rodent model 107, Two-dimensional gel
electrophoresis was performed — first dimension separation by
the protein’s isoelectric point value, then second dimension
separation by the protein’s molecular weight, followed by a
silver stain, fluorescent phosphoprotein Pro-Q Diamond stain,

and total protein-dye with Ruthenium II Bathophenathroline

disulfonate chelate (RuBPs). No difference in protein
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abundance between the groups was found with the silver and
RuBPs stain; however, 22 protein spots were differentially
expressed between young and old rats with the Pro-Q Diamond
phosphostain. The 22 protein spots were analyzed by matrix-
assisted laser desorption/ionization time-of-flight (MALDI-
ToF) mass spectrometry for mass spectrometric fingerprinting
analysis, and 14 of the 22 protein spots were identified. Out
of the 14 identified differentially expressed phosphorylated
proteins in old compared to young rats, ten proteins had
increased phosphorylation expression of myosin light chain
(MLC) 2, Golgi reassembly stacking protein I, tropomyosin-
alpha, lactate dehydrogenase, desmin, alpha-l-actin, albumin,
down syndrome critical region homolog 6, alpha-actin, and
aconitase 2, and 4 had decreased phosphorylation expression
of 2 cytochrome c¢ oxidase proteins, creatine kinase, and
enolase 3-beta. The results from this study indicated that
there was an age-dependent modification of protein
phosphorylation in skeletal muscle. Of the 22 differentially
expressed phosphoproteins, 63% had increased phosphorylation,
and 36% had decreased phosphorylation with age. This paper
was restricted by technology, as 2D gel phosphoproteomics is
limited in sensitivity; thus, the results may not fully
represent phosphoproteomic alterations in muscle aging. In

addition, females were not included in the study.
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The first large-scale phosphoproteomic study examining
the human skeletal muscle phosphoproteome was done by Hejlund
et al. in 2009. Skeletal muscle tissue (vastus lateralis
muscle) from 3 healthy young lean males (32 — 48 years old)
under basal condition were analyzed !'®. Strong cation exchange
was performed, followed by titanium oxide (Ti0;)
phosphopeptide enrichment, and then HPLC-ESI-MS/MS was
performed on a hybrid linear ion trap (LTQ)-Fourier Transform
Ion Cyclotron Resonance (FTICR) mass spectrometer. They were
able to identify 127 phosphoproteins and 306 wunique
phosphosites. Of these, 26% of the phosphoproteins were
sarcomeric proteins, and 53% of the unique phosphosites were
related to skeletal muscle contractile function.

Miller et al. in 2013 performed a phosphoproteomic study
in humans, examining specifically myofibrillar proteins from
the vastus lateralis muscle in young and older males and
females !'”. Investigators performed phosphoprotein-specific
gel staining coupled with LC-MS. They identified alpha-
tropomyosin, troponin T, fast and slow skeletal myosin
binding protein -C isoforms, myosin regulatory light chain-
2, MLC 2s, and MLC-2f (fast isoform). LC-MS determined
absolute phosphorylation of only MLC-2s and MLC-2f. From
this, it was determined that only MLC-2f protein showed a

significant age-related decrease in phosphorylation level in
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older women (1.8 * 0.1-fold decrease) compared to the other
groups (Miller, 2013). These results highlight the potential
contribution of differentially expressed isoforms of myosin
regulatory light chain to muscle force contraction.

Lastly, Gregorich et al. performed a targeted top-down
proteomics study examining the phosphorylation of myosin
regulatory light chain (RLC) ', Using young (6 months old)
and old (36 months o0ld) male rats, they found a decline in
RLC phosphorylation with age. These four studies demonstrate
that the skeletal muscle phosphoproteome changes with age.
Specifically, phosphorylation of contractile proteins,
particularly myosin regulatory light chain phosphorylation in
humans and rodents, has been shown to impact muscle force
generation.

It is important to note that there have been many other
phosphoproteomic studies in skeletal muscle tissue related to
exercise, insulin-signaling, calorie restriction, high-fat
diets, etc.; however, the majority of the studies are in
males, whether in human or rodent studies. Thus, global
phosphoproteomic profiling of skeletal muscle in females is
unknown, and whether the effects of aging, specifically, the
loss of estrogen with age in females, impact the
phosphoproteome and phosphorylation signaling networks in

skeletal muscle remains to be determined.
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To overcome the limitations of these previous studies
due to technology and address the lack of research in females
investigating altered protein phosphorylation in skeletal
muscle, we employed high-throughput mass spectrometry
discovery-based phosphoproteomic analysis of skeletal muscle
in female mice. Our first important question was to establish
whether estrogen deficiency remodeled the skeletal muscle
phosphoproteome in female mice. To examine the impact of
estrogen deficiency on the skeletal muscle phosphoproteome,
we used an ovariectomy model coupled with label-free mass
spectrometry to globally profile the changes in resting, non-
contracting muscles of Ovx compared to Sham female mice. This
led to my first major project presented in Chapter 3 of this

dissertation.
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Chapter 3

Global phosphoproteomic
profiling of skeletal
muscle in ovarian-hormone

deficient mice
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OVERVIEW

Protein phosphorylation is important in skeletal muscle
development, growth, regeneration, and contractile function.
Alterations in the skeletal muscle phosphoproteome due to
aging have been reported in males; however, studies in females
are lacking. We have demonstrated that estrogen deficiency
decreases muscle force which correlates with decreased myosin
regulatory light chain phosphorylation. Thus, we questioned
whether the decline of estrogen in females that occurs with
aging might alter the skeletal muscle phosphoproteome.
C57BL/6J female mice (6 mo) were randomly assigned to a sham-
operated (Sham) or ovariectomy (Ovx) group to investigate the
effects of estrogen deficiency on skeletal muscle protein
phosphorylation in a resting, non-contracting condition.
After 16 weeks of estrogen deficiency, the tibialis anterior
muscle was dissected and prepped for label-free nano-liquid
chromatography tandem mass spectrometry phosphoproteomic
analysis. We identified 4,780 phosphopeptides in tibialis
anterior muscles of ovariectomized (Ovx) and Sham-operated
(Sham) control mice. Further analysis revealed 647
differentially regulated phosphopeptides (Benjamini  —
Hochberg adjusted p-value < 0.05 and 1.5-fold change ratio)
that corresponded to 130 proteins with 22 ©proteins

differentially phosphorylated (3 unique to Ovx, two unique to
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Sham, six upregulated, and 11 downregulated). Differentially
phosphorylated proteins associated with the sarcomere,
cytoplasm, and metabolic and calcium signaling pathways were
identified. Our work provides the first global
phosphoproteomic analysis in females and how estrogen

deficiency impacts the skeletal muscle phosphoproteome.

KEYWORDS: females, estrogen, ovariectomy, sarcomere, AMPK,

YAP, and calcium signaling
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INTRODUCTION

Protein phosphorylation is one of the most well studied
reversible, post-translational modifications due to its
importance in signal transduction and disease 1%, It is
estimated that about 30% of the proteome in mammals is
modified by phosphorylation, with more than 500,000 known
phosphorylation sites identified to date 1°/12, The addition
of one or more phosphate groups can have profound effects on
the biological function of the modified protein.
Phosphorylation can either activate or inactivate a protein
as well as modulate molecular interactions and signaling !°°.
Thus, examining phosphorylation status of proteins in a given
condition at a given time provides further understanding of

their role in physiological or pathophysiological states.

Skeletal muscle mass and strength begin to decline with
age, increasing the risk of poor balance, impaired mobility,
falls, and overall mortality !-!#3, Preclinical and clinical
studies have shown that loss of muscle strength occurs earlier
in females than males, and this decline in muscle strength in
females is associated with the reduction of circulating
estrogen, specifically l7beta-estradiol (E2), as a result of
menopause !7/1%114_  To understand the impact of estrogen

deficiency on molecular aspects of skeletal muscle function,

38



rodent ovariectomy models were used to show that loss of
estrogen significantly attenuates force generation by
reducing the number of strong-binding myosin heads during
contraction (10-11), which could be restored by
supplementation of E2 (12). Similar effects of estrogen
deficiency on myosin function have been indicated in muscles
of postmenopausal women 41!, Protein phosphorylation,
including myosin, has been shown to play a significant role
in regulating signal transduction pathways that contribute to
fiber-type differentiation, muscle hypertrophy, plasticity,
regeneration, excitation-contraction coupling, and
contractile function 321177126,  Estrogen modulates myosin
regulatory 1light chain (RLC) phosphorylation in striated
muscle; however, in skeletal muscle, whether phosphorylation
of other proteins is sensitive to estrogen is yet to be
determined 32-127.128, Broader phosphoproteomic analysis could
aid in identifying candidate phosphoproteins to elucidate
further how estrogen deficiency affects the molecular

characteristics of muscle proteins and function in females.

Previous studies examining the skeletal muscle
phosphoproteome have been predominantly performed with
samples from males, with only limited global phosphoproteomic
studies in females 107:/108,129,130  Phosphoproteomic analysis of

aged male compared to young male rat muscle via 2D gel

39



electrophoresis and phosphostaining demonstrated altered
phosphorylation in 22 muscle proteins !%7; however, females
were not included in that study, and 2D gel phosphoproteomics
is limited in sensitivity, so the results may not fully
represent the role of phosphorylation in muscle aging.
Changes specifically in myosin phosphorylation and kinetics
have been examined across young and aged humans (both male
and female), and decreased myosin RLC phosphorylation and
kinetics were only observed in aged females !3°, suggesting
potential estrogen-related differences; however, broader
phosphoproteomics data on those differences have been
lacking. We sought to investigate the functional landscape of
the skeletal muscle phosphoproteome in estrogen-deficient
females to identify whether broader scale changes beyond just
those observed in RLC phosphorylation were occurring. We
hypothesized that loss of estrogen in females would remodel
the skeletal muscle phosphoproteome, affecting
phosphoproteins of the sarcomere, the basic contractile unit

of the muscle fiber critical for muscle function.

In this study, we used bilateral ovariectomy to model
the loss of estrogen in menopause because it induces the
deficiency of ovarian hormones, including the primary
estrogen, E2. We performed 1label-free phosphoproteomic

analysis on the tibialis anterior (TA) muscle of
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ovariectomized (Ovx) and control mice that had undergone a
sham ovariectomy surgery (Sham) to determine how estrogen
deficiency impacts the skeletal muscle phosphoproteome in
females during a basal, non-contracting condition.
Differentially phosphorylated proteins associated with the
sarcomere, cytoplasm, and muscle-relevant canonical pathways,
such as metabolic and calcium signaling pathways, were
identified. These observations suggest that estrogen loss
contributes to remodeling the skeletal muscle
phosphoproteome, which could have downstream implications for
the molecular function of proteins critical to muscle

strength in aging females.

MATERIALS AND METHODS

Animals

Female C57BL/6J (6 mo) mice were purchased from Jackson
Laboratories (Bar Harbor, ME, USA). Female C57BL/6J (6 mo)
mice were purchased from Jackson Laboratories (Bar Harbor,
ME, USA). All mice were housed in groups of four to five in
a room maintained on a 14:10 h 1light/dark cycle. All
experiments and procedures were approved by the University of

Minnesota Institutional Animal Care and Use Committee.

Experimental Design
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The study design to evaluate the skeletal muscle
phosphoproteome in Ovx and Sham control mice is summarized in
Fig 1A. Female C57BL/6J mice were randomly assigned to a Sham
or ovariectomy surgery. Vaginal cytology was performed 4 wk
post-surgery, and uterine mass was measured at the time of
sacrifice to confirm estrous cycling and successful
ovariectomy. Mice had access to phytoestrogen-free food (2019
Teklad Global 19% Protein Rodent Diet, Harland Teklad,
Madison, WI, USA) and water ad libitum until sacrifice. TA
muscles from anesthetized mice (1.75% isoflurane and 200 ml
0, per min) were dissected 16 wk post-surgery. Tissues were
harvested between 0900 — 1300 hours corresponding to the dark
cycle of the mice. The TA muscle was chosen because it is a
well-characterized hindlimb mouse muscle studied across aging
and disease and because it is amenable to physiological
contractile measurements !, potentially important for
subsequent phosphoproteomic studies. Muscles were TA muscles
from anesthetized mice (1.75% isoflurane and 200 ml O, per
min) were dissected 16 wk post-surgery, immediately flash-
frozen in liquid nitrogen, and stored at -802C until sample
preparation and phosphopeptide enrichment for nanoflow LC-

MS/MS acquisition.

Sham and Ovariectomy surgeries

Anesthetized (1.75% isoflurane and 200 ml O, per min),
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mice received a subcutaneous injection of slow-release
buprenorphine (1lmg/kg) immediately prior to surgeries. Two
dorsal lateral incisions were made to locate the ovaries,
which were excised in mice assigned to the Ovx group, and
located but not removed in mice assigned to the Sham group.
The incisions were closed with 6—0 silk sutures, and 7 mm

wound clips closed the skin incision.

Protein extraction, digestion, and phosphopeptide

enrichment

Frozen TA muscles were pulverized into powder with a
cryo-grinder (liquid nitrogen-cooled mortar and pestle),
lysed (10 ul lysis buffer per mg of tissue) in protein lysis
buffer (7M wurea, 2M thiourea, 0.4M Tris pH7.5, 20%
acetonitrile, four mM TCEP) with 1X HALT Protease &
Phosphatase Inhibitor Cocktail (78440, Thermo Fisher
Scientific, Rockford, IL, USA), and sonicated for 5 s using
a probe sonicator (Branson Digital Sonifer, Emerson, St.
Louis, MO, USA) set at 30% amplitude. After sonication, a 160
pl aliquot of each lysate was placed in the Barocycler®
NEP2320 (Pressure Biosciences, South Easton, MA) at 37¢9C,
with pressure cycles set at 35,000 psi for 20 s, then 0 psi
for 10 s for 60 cycles for further protein homogenization.
Once pressure cycling was complete, samples were transferred

to a new 1.5 ml Eppendorf protein LoBind tube, and a 200 mM
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chloroacetamide stock solution was added for a final
concentration of 8 mM to alkylate proteins (1:24 dilution)
and incubated for 15 min. Samples were spun down at 15,000 x
g for 10 min at 182C. Two 1 upl aliquots of supernatant were
used to determine protein concentration using the Bradford
assay. For trypsin digestion, 500 ug total protein was
digested with 20 pl Promega sequencing grade modified trypsin
(0.625 ug/pul trypsin) and incubated at 372C in a warm air
incubator overnight (~ 16 h). Samples were acidified and
extracted using Waters Oasis 1 CC HLB Solid Phase Extraction
cartridge for clean-up, following the manufacturer’s
instructions. Peptides were eluted with 1.2 mL 80%
acetonitrile and vacuum dried to remove acetonitrile. Lysates
were stored at -802C wuntil phosphopeptide enrichment.
Phosphopeptide enrichment was performed with a TiO,
phosphopeptide enrichment kit (ThermoFisher Scientific).
Eluted peptides were dehydrated using a speed-vac and

desalted using homemade C18 Stage-tips 1!32.

Nanoflow LC-MS/MS

Approximately 600 ng of peptide mixture per sample was
analyzed in a data dependent acquisition mode by liquid
chromatography (LC)-nanoESI mass spectrometry (MS) with a
Proxeon Easy nLC 1000 Nano-UPLC system online with an Orbitrap

Fusion Tribrid mass spectrometer (Thermo Fisher Scientific,
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Rockford, IL, USA). Peptides were separated at a flow rate of
300 nL/min over a 146 min gradient, consisting of 5-22%
solvent B over 75 min, 22-35% solvent B over 45 min, 90%
solvent B held for 20 min, and 5% solvent B held for 6 min.
Solvent A was water with 0.1% formic acid, and solvent B was
80% acetonitrile with 0.1% formic acid. The column was packed
using 3 uym C18 beads in a 100 ym x 50 cm PicoTip (rl1l19.aq.0001,
ReproSil-Pur 120 C18-AQ 1.9 um, Dr. Maisch, Ammerbuch-
Entringen, Germany). Precursor ions were detected by the
orbitrap at a resolution of 120,000 at 200 m/z and a mass
range of 380 — 1580 m/z. MS/MS spectra were acquired in the
Orbitrap analyzer with an isolation window of 1.6 m/z after
fragmentation at 30% higher energy collision dissociation

energy at a resolution of 30,000.

Phosphoproteomic database search, phosphoprotein, and

phosphopeptide quantification

The raw MS files were processed by Proteome Discoverer
v2.4. MS/MS spectra were searched against the UniProtKB Mus
musculus database (55,474 entries, UniProt UP000000589,
downloaded November 2019) with the Sequest HT search engine
embedded in Proteome Discoverer v2.4. Parameters were set as
follows: MS1 tolerance of 15 ppm, MS/MS mass tolerance of
0.05 Da, trypsin (full) digestion with a maximum of two missed

cleavages, minimum peptide length of 6, and maximum of 144
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amino acids. Cysteine carbamidomethylation (57.02 Da) was set
as a fixed modification, and methionine oxidation (15.99 Da),
asparagine and glutamine deamidation (0.98 Da), acetylation
of the N-terminus (42.01 Da), and phosphorylation of
tyrosine, serine, and threonine (79.97 Da) were set as dynamic
modifications. A false discovery rate (FDR) of 1% was set for
peptide-to-spectrum matches using the Percolator algorithm
(v3.02.1) and protein assignment. Phospho-localization
scoring was performed with the IMP-ptmRS v2.0 node, and only
phosphopeptides with a localization score > 0.8 were used for
quantification. Precursor abundance quantification was based
on area and normalized by total peptide amount. All peptides
were used for normalization for protein quantification;
however, only phosphorylated peptides were used for pairwise
ratios and protein roll-up. Unique and razor peptides were

used for protein quantification.

Label-free quantification (LFQ) of proteins and peptides
was performed with normalized abundances using the Proteome
Discoverer LFQ algorithms. The protein ratio was calculated
as the geometric median of the peptide ratios, and the peptide
ratios were calculated as the geometric median of all
combinations of ratios from all the biological replicates in
the study. Phosphopeptides and phosphoproteins with a 1% FDR

confidence and normalized abundance (intensity) observed in
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at least three biological replicates in at least one of the
groups were used for further analysis. Phosphoproteins,
phosphopeptides, and phosphosites were considered significant
and differentially phosphorylated (proteins) or regulated
(peptides and sites) if they had a Benjamini — Hochberg
adjusted p-value < 0.05 and was defined as downregulated if
they had a fold change ratio (Ovx/Sham) = -1.5 or upregulated

if they had a fold change ratio = 1.5.

Kyoto Encyclopedia of Genes and Genomes (KEGG), Reactome,

and Gene Ontology (GO) enrichment analysis

Significant and differentially regulated
phosphopeptides were mapped back to their precursor protein,
and the list of phosphoproteins was used for
overrepresentation analysis. Using the clusterprofiler and
ReactomePA packages in R v4.1.1, KEGG and Reactome pathways
and GO annotation terms for molecular functions, cellular
components, and biological processes enriched in the dataset
were identified 13313, For GO molecular process enrichment
analysis, hierarchical clustering was applied with average
linkage to identify the top 5 clusters. Overrepresented
pathways and GO annotation terms were considered significant

if they had a Benjamini — Hochberg adjusted p-value < 0.05.

Ingenuity Pathway Analysis (IPA)
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IPA (Qiagen, Redwood City CA, USA) was used to perform
a core analysis on the phosphopeptides, analyzing
associations of observed phosphoproteins with canonical
pathways, molecular and cellular functions, physiological
system development and functions, and upstream regulators
using IPA’'s functional analysis algorithm and the curated
Ingenuity Knowledge Base library. IPA’s Downstream Effects
analytics and prediction algorithm were used to compute an
activation Z-score to predict the activation states of
pathways, functions, and upstream regulators. Molecules from
the dataset that met the cutoffs of a Benjamini-Hochberg
adjusted p-value < 0.05 and 1.5-fold change ratio were

considered for analysis.

Statistical analyses

Body and uterine masses were analyzed with Student’s
two-tailed t-tests (Sham vs. Ovx) using Graphpad Prism 9.1
(San Diego, CA, USA). All data are reported as the mean =
standard deviation (SD). Relative phosphoprotein and
phosphopeptide quantification were analyzed in Proteome
Discoverer v2.4 (ThermoFisher) wusing Student’s t-tests.
Fisher’s exact test was used in IPA to calculate p-values for
the association or overlap between the identified molecules
in the dataset and a given pathway/process/function.

Benjamin-Hochberg’s posthoc analysis was used to correct for
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multiple comparisons. The predicted activation states in
IPA’'s pathways/functions/upstream regulators were measured as
Z-scores. The Z-score measures how closely the observed
expression pattern of the molecules in the dataset compared
to the expected expression pattern based on the literature
for a particular annotation. Significantly activated or
inhibited state was accepted at a -2 = Z-score = 2.

Significance was accepted at a < 0.05 level.

RESULTS

Comparative skeletal muscle phosphoproteomic analysis

To investigate the impact of estrogen deficiency on the
skeletal muscle phosphoproteome in females, we employed an
nLC-MS/MS 1label-free global phosphoproteomics profiling
approach for relative quantification of phosphoproteins and
phosphopeptides between Ovx and Sham female mice (n = 4/group;
Fig. 1A). Successful removal of ovarian tissue was confirmed
by examining body mass, uterine mass, and estrous cycling. 16
wk post-surgery, body mass and uterine mass between Sham and
Ovx mice were significantly different (p < 0.001; Fig. 1 B &
C), with mean body masses of 26.2 * 1.4 and 33.9 * 1.0 g,
respectively, and mean uterine masses of 200.1 * 26.6 mg and
15.6 * 6.2 mg, respectively. Vaginal cytology 4 wk post-

surgeries further confirmed estrous cycling in Sham mice and
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persistent diestrus in Ovx mice.After 16 weeks, tibialis
anterior (TA) muscles were dissected, prepared via protein
extraction, trypsin digestion, phosphopeptide enrichment, and

analyzed by LC-MS/MS. Using label-free quantification as
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Figure 3.1 Experimental design and mouse characteristics. Female
mice were assigned to a surgical group and underwent their
respective surgeries, Sham or ovariectomy, with body and uterine
mass measured 16 wk later at the time of sacrifice. (A) Schematic
of experimental design — created with Biorender.com. Vaginal
cytology was performed 4 wk post-surgeries. At 16 wk, tibialis
anterior muscles were dissected and digested with trypsin for
peptide extraction. The 1lysate underwent TiO, phosphopeptide
enrichment for label-free phosphoproteomic analysis, and nLC-
MS/MS was performed on the Orbitrap Fusion Tribrid mass
spectrometer. (B) Body mass (p < 0.001) and (C) uterine mass (p
< 0.001) of Sham and Ovx mice. Data were analyzed by a Student’s
t-test (Sham vs. Ovx); n = 4/group. Values represent means * SD.
*significantly different from Sham.

described in the Methods, phosphopeptides were identified and
mapped to proteins, and abundance levels were compared
between the Sham and Ovx groups. In total, 4,780

phosphopeptides comprising 5,493 phosphorylation sites were
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identified, 109 were unique to Ovx, 234 were unique to Sham,
and 4437 were detected in both Ovx and Sham (Fig. 2A). Among
these 4,780 phosphopeptides, phosphorylation was most
prevalent on serine (S) residues, representing 80% of the
sites identified, followed by threonine (T, 17%) and tyrosine
(Y, 4%), which is consistent with known distributions for S,
T and Y phosphorylation (Fig. 2B)!3¢., Further analysis
identified 647 significant and differentially regulated
phosphopeptides, with 444 downregulated and 203 upregulated
in Ovx compared to Sham (Fig. 2C). After filtering for
robustness (abundance detected in at least three biological
replicates in at least one of the Sham or Ovx groups), 189
phosphopeptides were identified that corresponded to 130
proteins (Fig. 2D) of which 22 were differentially
phosphorylated: 3 unique to Ovx, two unique to Sham, and 11
downregulated and 6 upregulated in Ovx relative to Sham (Table
1). Four out of the 22 differentially phosphorylated proteins
were sarcomeric proteins: tropomyosin alpha 3 (TPM3),
obscurin (OBSCN), myosin heavy chain 2 (MYH2), and myozenin-
2 (MYOZ2). Interestingly, TPM3 was unique only to Sham and
absent in Ovx, and the other three were downregulated in Ovx
compared to Sham mice. More, out of the 130 phosphosites
identified on the 22 differentially phosphorylated proteins,

only 26 phosphosites were identified as differentially
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regulated (Table 1). Taken as a whole, these data show that
the skeletal muscle phosphoproteome is altered under a

resting, non-contracting condition in Ovx female mice.
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Figure 3.2 Characteristics of the phosphoproteome. Proteome
Discoverer (v2.4) was used for database search and identification
of phosphopeptides and phosphoprotein analysis. (A) Venn diagram
of all identified phosphopeptides identified in muscle from Sham
and Ovx mice. (B) Pie chart of modification sites there were
phosphorylated on residues serine (S), threonine (T), and
tyrosine (Y) in the dataset. (C) Volcano plot of differentially
regulated phosphopeptides. Green and red dots represent
downregulated and upregulated significantly regulated
phosphopeptides (Benjamini — Hochberg adjusted p-value < 0.05 and
1.5-fold change ratio), respectively, whereas black dots

represent non-significant phosphopeptide. (D) Significantly
regulated phosphopeptides were mapped back to their precursor
proteins. The 1list of phosphoproteins was submitted to

Heatmapper. Heatmap of 130 phosphoproteins clustered according
to average linkage wusing Pearson Correlation. Color scheme
represents log; ratio of each phosphoprotein for each biological
sample. Gray = missing data.

Table 3.1 Significantly differentially phosphorylated
proteins and phosphosites in Ovx relative to Sham mice.
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Uniprot Gene Phosphosite | Log2 Differential
AcessionID Symbol Description (Score) ratio | regulation
Cleavage
stimulation
factor subunit
Q99LI7 Cstf3 3 $691(100) 6.64 Only Ovx
Phosphorylase
b kinase gamma
catalytic
D37472 Phkgl chain S61(98.8) 6.64 Only Ovx
Tumor protein
054818 Tpd5211 | D53 S149(99.2) 6.64 Only Ovx
Nuclear
receptor S149(100);
Q9WU42 Ncor?2 corepressor 2 S152(100) 4.79 Upregulated
Aquaporin 4, S276(95.1);
AOAQOR4J0Z3 Agp4 isoform CRA a S$285(99.9) 2.19 Upregulated
Microtubule-
actin cross-
linking factor | S1517(100);
B1ARU1 Macfl 1 $1520(100) 2.17 Upregulated
La-related
G3X906 Larp4 protein 4 S642(97.7) 1.39 Upregulated
S12(100);
S120(99.9);
SUN domain- S122(97.8);
containing S135(99.6);
Q8BJS4 Sun2 protein 2 $281(100) 0.75 Upregulated
Probable
ubiquitin
carboxyl-
terminal
hydrolase FAF- | S1600(100);
Q4FE56 Usp9x X S2443(100) 0.59 Upregulated
Y60(100);
T108(100);
Y162(100);
S206(100);
Tropomyosin Y221(100);
alpha-3 chain T237(100);
0S=Mus S$245(100);
AQAQR4J1P2 Tpm3 musculus T282(98.6) -6.64 | Only Sham
Ral guanine
nucleotide
dissociation
stimulator-
061193 Rgl2 like 2 5619(98.8) -6.64 | Only Sham
Low-density
lipoprotein
receptor
adapter
08C142 Ldlrapl | protein 1 S198(99) -3.03 | Downregulated
TBC1l domain
family member
Q8BHL3 Tbc1ldl0b | 10B T138(99.1) -2.21 | Downregulated
Anion exchange
A7E1Z5 Slc4a4 protein 568(98.6) -2.14 | Downregulated
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Q3U9G9

Lbr

Delta (14)-
sterol

reductase LBR

S101(100)

Downregulated

Q8CAP3

Rad23a

Rad23a protein

S123(97.9);
S216(95)

-1.93

Downregulated

P62754

Rpsé6

40S ribosomal

protein S6

S235(100);
S236(98.7);
S240(100);
S244(100)

Downregulated

Q78JW9

Ubfdl

Ubiquitin
domain-
containing

protein UBFDI1

S131(99.9)

Downregulated

Q9JJW5

Myoz2

Myozenin-2

T107(98.5);
T111(100);
S116(100);
S158(100)

Downregulated

G3UW82

Myh2

Myosin, heavy

polypeptide 2,

isoform CRA d

T202(100);
T218(100);
T257(100);
T381(100);
Y413(100);
T444(100);
S650(100);
T667(100);
S745(100);
T761(100);
T918(100);
T944(100);
S955(100);
T967(100);
T986(100);
T1000(100);
T1026(100);
S1044(100);
S1095(100);
S1135(100);
S1147(100);
S1165(99.2)

T1195(100);
S1206(100);
$1240(100);
S1246(100);
S1268(100);
T1289(100);
S1306(100);
$1309(100);
T1316(100);
S1360(100);
S1373(100);
Y1382(100);
T1424(100);
Y1467(98.8)

S1483(100);
Y1495(99.1)

14

-1.06

Downregulated
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T1504(100);
S1517(100);
T1520(100);
S1577(100);
S1603(100);
S1614(100);
Y1650(100);
S1717(100);
T1728(100);
S1729(97.4)

T1733(100);
T1739(100);
S1742(100);
T1767(100);
T1782(99.4)

S1835(100);
T1861(100);
S1901(100);
$1922(100)

S135(100);

S236(100);

$3254(100);
S4708(100);
S4893(100);
T5568(100);
S5632(100);
T5636(100);
S5639(100);
S5665(97.8)

T5670(99);
S5683(97);
S5686(100) ;
S5687(100);
S5711(100);
S5916(98);
T6134(100);
S6236(100);
S6445(100);
T6451(100);
S6455(100);
S6551(100);
T6680(100);
S6837(100);
S7083(100);
S7134(100);
S7147(100);
S7149(100);
S7167(98.6)

E90096 Obscn Obscurin $7223(100) -1.03 | Downregulated
RNA-binding
protein
Musashi S6(100);

092006 Msi2 homolog 2 S12(97.7) -1.00 | Downregulated
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Note. The red font denotes significantly differentially
regulated phosphosites.

KEGG, Reactome, and GO overrepresentation analysis

To gain more insight into the differential impact of
estrogen deficiency in the skeletal muscle phosphoproteome,
differentially regulated phosphopeptides were mapped back to
their precursor protein. The list of phosphoproteins was used
in R for pathway and GO term overrepresentation analysis. The
top 15 most overrepresented KEGG and Reactome pathways were
related to calcium signaling, hypoxia-inducible factor (HIF)
l-alpha signaling, insulin signaling, muscle contraction, ion
homeostasis, and mTOR signaling (Fig. 3A and B). GO molecular
function (MF) was enriched for actin and actinin binding,
mRNA  binding, translation initiation factor binding,
phosphatidylinositol phosphate binding, and structural
constituent of muscle and post-synapse. These, in turn,
resulted in strong enrichment in GO cellular components (CC)
associated with the contractile apparatus and components of
the muscle fiber, including the Z-disc, I-band, sarcoplasmic
reticulum, T-tubules, sarcolemma, as well, as the
cytoskeleton (Fig. 3C and D). The five main clusters from the
GO biological process analysis emulated previous pathways and
GO term enrichments. Clusters relating to calcium signaling
and ion activities were highlighted in both KEGG (calcium

signaling) and Reactome (muscle contraction) and are
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associated with calcineurin-NFAT signaling, which has been
shown to be involved in gene regulation pertaining to skeletal
muscle differentiation, fiber-type switching, and muscle
hypertrophy. The metabolic signaling and activities cluster
is associated with glucagon/insulin signaling in KEGG and
pyruvate metabolism and TCA cycle in Reactome. The striated
cell assembly development cluster is associated with GO MF
and CC enrichment pertaining to maintenance of and structural
components of the muscle cell, such as cytoskeleton — actin
binding, sarcomere, structural constituent of muscle and
post-synapse, and translation regulation — mRNA binding and
translation initiation factor binding (Fig. 3E). Overall, all
pathway and GO enrichment analyses show overrepresented
proteins associated with calcium and metabolic signaling
pathways and functions related to muscle cell maintenance and

structural integrity.
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Figure 3.3 KEGG, Reactome, and GO term enrichment analyses.
Differentially regulated phosphopeptides that were quantified in
at least three biological replicates or absent in all biological
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(unique phosphopeptides)

their precurso
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phosphoproteins was submitted for enrichment analysis using the
R package clusterprofiler. The top 15 pathways overrepresented
in the dataset are shown in (A) KEGG and (B) Reactome pathways.
(C-D) Overrepresented GO terms in molecular function and cellular
component in the dataset and (E) overrepresented GO terms in
biological process with hierarchical clustering according to
average linkage to identify the top 5 clusters are presented.

Differentially overrepresented IPA canonical pathways

Next, to evaluate potential differential downstream
effects from the changes in the phosphoproteome in Ovx mice,
all 4,780 phosphopeptides were uploaded to IPA, 377 of which
mapped to molecules characterized in the IPA database. The
top 10 canonical pathways enriched in the dataset are shown
in Fig. 4A. Consistent with the KEGG, Reactome, and GO
analyses, the calcium signaling pathway was the most
significantly enriched IPA annotated canonical pathway (p <
0.05, 12% overlapping molecules) with 50 observed molecules
mapping to the pathway, 31 molecules downregulated, and 19
molecules upregulated in Ovx relative to Sham muscles out of
IPA's 226 total annotated pathway molecules (Supplementary
Fig.l). IPA’s activation Z-score algorithm was unable to
predict the activation state of calcium signaling (i.e.,
pathway directionality — activation or inhibition). However,
visualizing the mapping of observed phosphoproteins to the
IPA “resting muscle cell” model indicated that
phosphorylation of the SERCA, calsequestrin and ryanodine

receptor proteins were altered in Ovx compared to Sham muscles
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(log,FC = -0.32, -0.27, 0.04 and BH p-values = 0.889, 0.948,
0.808, respectively) (Fig. 4B). Two metabolic pathways had
significant predicted inhibition with IPA Z-scores of -2.12:
glycolysis I (p < 0.05, 32% overlap, nine molecules
downregulated and two molecules upregulated out of 25
annotated pathway molecules) and gluconeogenesis I (p < 0.05,
32% overlap, nine molecules downregulated and three molecules
upregulated out of 25 annotated pathway molecules). These
observations all indicate that essential metabolic and
calcium signaling functions in skeletal muscle are affected
in estrogen-deficient mice, which could, in turn, contribute

to changes in muscle function overall.
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Figure 3.4 Changes in canonical metabolic pathways and calcium
signaling pathways induced by ovariectomy. Phosphopeptides
identified in the dataset were submitted to IPA’s Downstream
Effects analytics and prediction algorithm to analyze molecules
associated with IPA’'s annotated canonical pathways. (A) The top
10 significantly associated canonical pathways from the dataset
and predicted inhibition or activation state, with a -2.0 =z Z-
score = 2.0, respectively. (B) Calcium signaling pathway in a
resting, i.e., non-contracting muscle cell and the
phosphorylation state of ©proteins from +the dataset 1is
illustrated. Decreases or increases in protein phosphorylation
measurements from Ovx muscle relative to Sham muscles are shown
in green and red, respectively.
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IPA’'s functional analysis

To further explore the biological significance of the
molecular alterations induced by estrogen deficiency within
the skeletal muscle phosphoproteome, we employed IPA
functional analysis to predict the impact of phosphoproteome
alterations on molecular and cellular functions and
physiological system development and functions. The top 10
functional parent groups that mapped to molecules observed in
the Ovx/Sham dataset are shown in Fig. 5A, with IPA’'s skeletal
and muscular system development and function (SMSDF) group
exhibiting the strongest association (p < 0.05) with 113
observed molecules mapping to this function. Deeper analysis
into the physiological subfunctions assigned by IPA to the
SMSDF group predicted a significant inhibition of
contractility of muscle in estrogen-deficient mice (Fig. 5B).
Two other functional parent groups, cellular assembly and
organization with 165 observed molecules mapping to this
function (p < 0.05) and cellular function and maintenance
with 179 observed molecules mapping to this function (p <
0.05), had three overlapping subfunctions with significant
activation Z-scores. There was significant predicted
inhibition in the formation of phagosomes (Fig. 5C) and
vesicles (Fig. 5D) and significant predicted activation in

disruption of cytoskeleton (Fig. 5E). In summary, estrogen
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deficiency perturbs skeletal muscle and cellular functions
that may lead to impaired contractile function and

compromised cellular and cytoskeleton integrity.
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functions. (A) The top 10 significantly enriched IPA functional
parent groups from the dataset are summarized. Significant
inhibition (-2.0 = Z-score) or significant activation (Z-score =
2.0) of subfunctions predicted from the dataset are shown in B)
contractility of muscle, C) formation of phagosomes, D) formation
of vesicles, and E) disruption in cytoskeleton. The number in the
upper right box next to the molecule denotes the number of
phosphopeptides observed in the dataset for the molecule. Green
and red color of the molecule represents decreased or increased
phosphorylation measurement of the protein in Ovx relative to
Sham mice, and the glow around the molecules indicates their
activity status when opposite to the phosphoprotein measurement.
The blue and orange color of a subfunction or molecule represents
the activation status — inhibition or activation, respectively.
The color, orange, blue, yellow, or gray, of the edge (line)
predicts the relationship between the two nodes (molecules),
indicating activation, inhibition, inconsistent, or no
prediction, respectively. The arrowhead or inhibition line at the
end of the edge reflects the relationship proportionality (i.e.,
the inhibition line reflects the inverse proportionality, and the
arrowhead reflects direct proportionality between two nodes).

Upstream regulator analysis and mechanistic network of E2

Using IPA’'s activation Z-score prediction algorithm and
Ingenuity Knowledge Base library, we examined kinase activity
inferred by the changes in the phosphoproteome dataset; we
identified the top four potentially inhibited or activated
kinases, revealing potential inhibition of CDK6 (Table 2). We
next sought to determine whether previously known E2-related
alterations in protein phosphorylation could be observed
through phosphoproteins directly detected in our dataset
(Supplementary Fig.2A). Overall, we identified nine proteins
linked to E2 in IPA that were observed in our data—with
increased phosphorylation on beta-catenin (CTNNB1),
eukaryotic translation initiation factor 4E-binding protein

1 (EIF4EBP1l), histone deacetylase 2 (HDAC2), and microtubule-
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associated protein tau (MAPT), and decreased phosphorylation
on insulin receptor substrate 1 (IRS1l), nitric oxide synthase
1 (NOS1l), 40S ribosomal protein S6 (RPS6), SHC-transforming
protein 1 (SHCl), and stromal interaction molecule 1 (STIM1).
In addition, other functional effects of estrogen loss were
represented indirectly in our phosphoprotein observations,
including changes annotated in IPA as being directly (AMPK,
IGF1l, RPS6KB1l, and D-glucose) or indirectly (TP53, PPARGCla,
and NROB2) affected by estrogen deficiency (Supplementary
Fig. 2B).

Table 3.2 Upstream kinases affecting the phosphoproteome in
Ovx mice.

Predicted
Activation | Activation | Target Molecules in
Kinase | State Z-score Dataset
ABI1, LPIN1, SRSF1,
CDK6 Inhibited -2.0 SYNPO2
PRKCE -1.96 IRS1, RPS6, SHC1l, VDAC1
EIF4EBP1, IRS1, PDHAIL,
PRKAA1L -1.347 RPS6, STIM1, YAP1
INSR, IRS1, MYL2, MYLPF,
ROCK1 -1.091 RPS6
ABI1, CAMK2A, CTNNBI,
CAMK2A 1 MAPT
MYL2, MYLPF, PPP1R12A,
ROCK2 1.029 ROCK2
EIF4EBPl1, IRS1, MAPKAPK2,
MAPT, NCOR2, NEFH, NEFM,
PKM, PLCGl, POLR2A, PXN,
RPS6KA3, SEC16A,
MAPK1 1.097 SHC1l, YBX3
ARHGEF11l, GIT1, IRS1,
PTK2 1.262 MYL2, PLCGl, PXN, SHC1

Note. Decreased or increased phosphorylation measurements
of the target molecule are represented by the green and red
font color, respectively.

To illustrate how +the observations of differential
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phosphoproteins in TA muscle from Ovx/Sham muscle may connect
to canonical effects of estrogen on cell signaling, we used
IPA to build a mechanistic network (Fig. 6). This shows the
direct relationships between E2 and the nine phosphoproteins
observed, as well as two kinases, predicted to be altered by
estrogen deficiency (AMPK and RPS6KBl1) but not directly
observed in the dataset. Inhibition of E2 is associated with
a predicted inhibition of AMPK that results in a predicted
activation of Yes-associated proteinl (YAPl) and predicted
inhibition of autophagy-related 9A (ATG9A). Both YAP1l and
ATG9A had decreased phosphorylation observed in our dataset
and were associated with maintaining muscle homeostasis. In
addition, inhibition of E2 is directly related to the increase
in phosphorylation that we observed of CTNNB1l, EIF4EBP1l, and
HDAC2, which are all involved in transcription regulation.
This wupstream prediction analysis reveals how estrogen
deficiency may modulate other regulators and co-activators of
transcription factors important for maintaining muscle fiber

integrity and function.
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Figure 3.6 Beta-estradiol (E2) mechanistic network.

Phosphopeptides identified in the dataset were submitted to IPA’s
activation Z-score prediction algorithm to predict kinase
activity inferred from the Ovx/Sham dataset. A mechanistic
network of E2 and its relationship to other regulators and the
dataset was created. The number in the upper right box next to
the molecule denotes the number of phosphopeptides observed in
the dataset for the molecule. E2 inhibition was predicted from
the expression profile of nine molecules observed in our
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phosphoproteomics dataset (circled in black). See Figure 5 for
explanation of color scheme, edges, and nodes.

DISCUSSION

Recent phosphoproteomic analyses of skeletal muscle
have provided a greater understanding of the complex
pathophysiology associated with skeletal muscle aging and
strength loss. The majority of previous phosphoproteomic
studies were conducted on muscle from males, and in this
analysis of female skeletal muscle, we identified a number
of proteins in agreement with those studies, showing that
the majority of the phosphopeptides were from sarcomeric
proteins and they were overrepresented amongst the peptides
observed 108.137.138  For example, clinical phosphoproteomic
analysis of the vastus lateralis muscle in a resting
condition from three healthy males identified
phosphoproteins related to the Z-disc, contractile
apparatus, and calcium signaling proteins, among others—
which is consistent with our results 1%, The present study
identified phosphorylation alterations of sarcomeric
proteins and perturbed calcium handling and skeletal muscle

function in estrogen deficient muscle.

We identified four sarcomeric proteins in our dataset,
TPM3 Thr-282, OBSCN Ser-7167, MYH2 Ser-1835, and MYOZ2 Thr-

107 and Thrlll (Table 1), revealing decreased phosphorylation
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at the identified phosphosites and overall decreased
phosphorylation at the protein level in muscle from Ovx
compared to Sham mice. In contrast, a sarcopenic male rat
model showed increased phosphorylation of the sarcomeric
proteins (no specific phosphosite listed): myosin light chain
2 (MYL2), desmin (DES), and tropomyosin alpha in male muscles
107, The effect of phosphorylation on the four altered
sarcomeric proteins identified in our dataset is poorly
understood in skeletal muscle. However, studies examining the
phosphorylation of TPM3 indicate that hyperphosphorylation
contributes to the pathophysiology of myopathies and
cardiomyopathies 139:14°, Conversely, decreased phosphorylation
of these proteins may suggest loss of function leading to

less active proteins and muscle dysfunction.

Relating observed phosphoproteomic alterations to functional
outcomes is <challenging, particularly given the known
complexity of muscle structure, Z-disc, and contractile
proteins. However, using enrichment analysis in conjunction
with IPA’Ss predictive modeling, we identified
overrepresentation in calcium and metabolic signaling
consistent with IPA’s enriched canonical pathways (Fig. 3 &
4). As cardiomyocytes and skeletal muscle fibers are both
striated and their <cellular structural components and

contractile function are similar, it is not surprising to see
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many pathways relating to cardiomyocytes/cardiomyopathy.
Thus, it is reasonable that our data, would be enriched in
parallel pathways and functions related to cardiac muscles,
and our perturbation of estrogen-mediated phosphorylation
would suggest a compromise in muscle function as shown with
the enrichment of cardiomyopathy pathways. Our study affirms
that the phosphorylation alterations detected in Ovx mice may
be relevant to decrements in muscle function due to estrogen
loss. Not surprisingly, as calcium is critical for skeletal
muscle function, our dataset showed significant enrichment in
calcium signaling and calcium ion channel activity-related
functions and pathways. Altered calcium handling has been
shown in aging and diseased striated muscles 14146, More, in
Ovx mouse hearts, estrogen deficiency has been shown to
perturb  intracellular Ca?* homeostasis by increasing
spontaneous Ca?' release from the sarcoplasmic reticulum and
reducing myofilament Ca?' sensitivity 1!%7. Therefore, it is
likely that estrogen deficiency may alter calcium handling in
skeletal as well as cardiac muscle, in 1line with our
enrichment analyses. Altered calcium handling could be
attributed to increased RYR protein phosphorylation found in
Ovx compared to Sham rats %, We detected increased RYR
phosphorylation and decreased phosphorylation of SERCA and

CASQ in Ovx relative to Sham muscles, but differences were
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not statistically significant. Overrepresentation results
associated with metabolic functions and predicted inhibition
of IPA-derived canonical metabolic pathways are also not
surprising, as it is well established that estrogen
deficiency perturbs skeletal muscle metabolism including
reports that Ovx mice have increased fat mass, impaired
mitochondrial function, and inhibited MTOR complex 1
signaling !*°. In addition, metabolic changes associated with
Ovx have been attributed at least in part to altered skeletal
muscle metabolism, the regulation of glycogen synthase and
citrate synthase 1, as well as reduced mitochondrial

biogenesis and increased oxidative stress 151154,

IPA’'s functional analysis revealed inhibition of
skeletal muscle function and cellular and maintenance
functions with estrogen deficiency (Fig. 5B). These predicted
dysregulated functions suggest a potential impairment in
contractile activity and mechanisms involved in skeletal
muscle maintenance and repair. Muscle undergoes constant
plasticity requiring gene regulation and cellular adaptations
to stimuli, including contractile activity (e.g., in response
to endurance exercise), loading and unloading conditions
(e.g., resistance training and atrophy from disuse,
respectively), changes in environmental factors such as

nutrition or hypoxia, and injuries (e.g., exercise-induced or
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traumatic injuries). The predicted disruption in cellular
maintenance and function were further related to vesicle and
phagosome formation and cytoskeleton disruption, which may be
attributed in part to our observation of decreased ATGY9A
phosphorylation, as ATG9A 1is critical for autophagosome
formation and maintaining muscle homeostasis through
autophagy-mediated proteolysis !**. The autophagy-mediated
proteolysis in skeletal muscle is critical for maintaining
muscle homeostasis under basal, non-contracting conditions as
well as during physical activity. Appropriate autophagic flux
is required to remove and degrade damaged proteins and cell
organelles in muscle, and inhibition of autophagy induces
atrophy and myopathies 1%¢1%7, Estrogen deficiency, via
ovariectomy, aging, or in a diseased state, decreases the
ability of skeletal muscle to generate force and reduces
recovery of muscle strength from injury 1819138162 Accordingly,
the IPA predicted inhibition in contractility of muscle in
estrogen-deficient mice supports what we and others have
observed in vitro and in vivo in skeletal muscle and sheds
light on underlying molecular mechanisms.

Furthermore, AMPK was identified as an upstream
regulator sensitive to estrogen deficiency and was predicted
to be inhibited (Fig.6), which is consistent with literature

reporting that Ovx mice had significantly reduced levels of
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AMPK phosphorylation in skeletal muscle at rest . Inhibition
of AMPK was associated with a predicted activation in YAPI1
activity, which is consistent with the observed decreased in
YAP1 phosphorylation. Increase in YAP1l activity is
intriguing, as there are conflicting reports on its role in
skeletal muscle. Overexpression of a constitutively active
YAP1 S127A in skeletal muscle in vivo for 5 — 7 wks has been
shown to induce muscle atrophy and myopathy !¢*. In contrast,
YAP2 overexpression for a shorter duration resulted in
skeletal muscle hypertrophy 1!¢5:1%, However, further studies
determined YAP2 overexpression at supraphysiological levels
did indeed induce muscle hypertrophy, but it also induced a
muscle fiber degeneration phenotype !%°. Our ovariectomy model
displayed a chronic loss of estrogen, which could potentially
suggest a high level of YAP1l activity in resting, non-
contracting muscles, as we observed decreased YAP1
phosphorylation in Ovx compared to Sham mice. Thus,
downregulation in YAP1l phosphorylation may contribute to
skeletal muscle dysfunction in Ovx mice. Furthermore, YAP has
emerged as a key player in mechanotransduction 167168, also
suggesting that altered YAP-mediated signaling may contribute
to skeletal muscle dysfunction in Ovx female mice.

The present study wused an ovariectomy model to

investigate how the loss of estrogen affects the skeletal
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muscle phosphoproteome. Our work along with others have shown
that estradiol is the main contributing hormone associated
with skeletal muscle strength 1loss in female rodents
(preclinical studies) and postmenopausal women (clinical
studies). Nonetheless, it is important to note that hormones
in addition to estrogen are impacted in this surgical model
including progesterone, testosterone, follicle stimulating
hormone, and luteinizing hormone 117, and may potentially
contribute to skeletal muscle dysfunction in females as well.
Further studies on how the overall perturbation of the
hypothalamic-pituitary-gonadal axis in females impact

skeletal muscle will be needed.

CONCLUSION

Our study is the first global phosphoproteomic profiling
of the skeletal muscle phosphoproteome in female mice under
two estrogenic conditions. The dataset combined with
bioinformatic tools and computational predictive modeling
demonstrates that estrogen deficiency is associated with
distinct changes in the skeletal muscle phosphoproteome that
may significantly affect muscle function and strength.
Results support the concept that phosphorylation of
sarcomeric proteins is responsive to estrogen 1levels. In

particular, phosphorylation alterations relating to calcium
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sensitive proteins suggests disruption in calcium handling
may be involved in the pathogenesis of skeletal muscle
strength loss in aging females. Additionally, identification
of AMPK as an upstream regulator sensitive to estrogen levels
may be a potential driver of the phosphorylation alterations
observed in this study. Importantly, the results provide
testable hypotheses for future studies to elucidate the
molecular mechanisms underlying how estrogen deficiency

affects skeletal muscle contractile function.

In summary, this study established remodeling of the
skeletal muscle phosphoproteome in resting, non-contracting
muscles of Ovx female mice compared to Sham mice. The main
findings from this study identified novel phosphosites
related to sarcomeric proteins (TPM3 Thr-282, OBSCN Ser-7167,
MYH2 Ser-1835, and MYO0Z2 Thr-107 and Thrlll) that had
significantly decreased phosphorylation, and pathways that
are sensitive to estrogen deficiency, such as the calcium
signaling pathway and metabolic pathways. We also identified
two upstream regulators, CDK6 and PRKCE, predicted to be
significantly inhibited due to estrogen deficiency. 1In
addition, we propose that the observed downregulation of YAP1
phosphorylation by its predicted upstream regulator, AMPK, as
possibly contributing to skeletal muscle dysfunction in

estrogen deficient female mice. The results from this project
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led us to question whether estrogen deficiency altered
protein phosphorylation during force generation (i.e., during
muscle contraction) in skeletal muscle, which could possibly
underlie the muscle strength loss observed in Ovx and aging
female mice. This led to my next major project presented in

Chapter 4 of this dissertation.
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Chapter 4

Natural aging and
ovariectomy induces
parallel phosphoproteomic
alterations in skeletal

muscle of female mice
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OVERVIEW

Background and Objectives: Skeletal muscle strength loss mid-
life in females is associated with the decline of estrogen.
With the average life expectancy of women being 81.1-84.3
years and menopause occurring between the ages of 40-50 years
in the United States, more than one-third of a woman'’s 1life
is now spent 1in the postmenopausal phase, i.e., 1in an
estrogen-deficient state. Preclinical and clinical studies
show that reduction in estrogen decreases muscle force and
blunts recovery of strength after injury. More, in
ovariectomized (Ovx) mice and aged women, decreased force was
associated with reduced myosin regulatory 1light chain
phosphorylation compared to ovary-intact and young women.
Therefore, we questioned how estrogen deficiency impacts the
overall skeletal muscle phosphoproteome after contraction and
force generation.

Research Design and Methods: We performed 1label-free
phosphoproteomic analyses of the tibialis anterior muscle
after contraction in two mouse models of estrogen deficiency,
ovariectomy (Ovx vs. Sham) and age-induced ovarian senescence
(0ld vs. Young).

Results: We examined fold-changes between Ovx or 01d
contracted muscles compared to their control Sham or Young

contracted muscles and identified a total of 2,593 and 3,507
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phosphopeptides in the Ovx/Sham and 0ld/Young datasets,
respectively. Comparative analysis of both datasets using
Ingenuity Pathway Analysis’s (IPA) activation Z-score found
parallel patterns of inhibition and activation across IPA-
defined canonical signaling pathways, such as AMPK signaling,
14-3-3-mediated signaling, and calcium signaling. Likewise,
similar activation patterns for IPA’'s functional analysis
were related to muscle contractile function, muscle
integrity, and RNA expression and translation. IPA’'s upstream
regulator analysis identified MAPK1l and PRKACA as candidate
kinases sensitive to estrogen levels.
Discussion and Implications: Our findings highlight key
molecular signatures and pathways suggesting that the
similarities identified across both datasets could elucidate
molecular mechanism(s) that may contribute to skeletal muscle
strength loss due to estrogen deficiency.
Translational Significance

This study examines the complex changes in regulation of
protein phosphorylation in skeletal muscle of two estrogen-
deficient mouse models using high-throughput mass
spectrometry based phosphoproteomic analysis. We identified
upregulation in phosphorylation of calpastatin at Ser-82 as
a unique phosphosite and potential upstream regulators that

may be involved in the dysregulation of skeletal muscle
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function. Identification of altered protein phosphorylation
substrates, phosphosites, and upstream regulators will
advance our understanding of how estrogen deficiency impacts
the force-generating capacity of skeletal muscle and may aid
in identifying novel targets to mitigate strength loss in
aging females.

Keywords: estrogen deficiency, ovarian senescence,

calpastatin, MAPK, PKA, and calcineurin
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BACKGROUND AND OBJECTIVES

Skeletal muscle is the most abundant tissue in the human
body, making up approximately 40% of total body mass in a
healthy adult. Muscle is crucial in controlling our movements
and posture, protecting internal organs and tissues, storing
energy, and regulating body temperature and metabolism. As
muscle contracts, the sarcomere, the basic contractile unit
in skeletal muscle, shortens and generates molecular force
(i.e., muscle strength). The 1loss of muscle strength
significantly impacts the activities and quality of life of
the aging population. Age-related muscle strength loss occurs
earlier in females than males °%!’>, Compared to male
counterparts, postmenopausal women experience decreased
functional capacity, greater strength declines, impairments
in muscle repair, and increased sarcopenia and osteoporosis
rates with age °%%., Poor muscle strength in postmenopausal
women 1is identified as a strong risk factor for total
mortality 1'76.

Decline in muscle strength mid-life in females
associates with the reduction of estrogen, specifically
estradiol (E2), the primary circulating estrogen. Reduction
in ovarian hormones (E2 and progesterone) is a natural
biological process that concludes with menopause, which

occurs between the ages of 40 — 50 in the United States !77.
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With the average life expectancy of women being 81.1 — 84.3
years (non-Hispanic white females and Hispanic females,
respectively) in the United States, more than one-third of a
woman’s life is now spent in the postmenopausal phase, i.e.,
in an estrogen-deficient state !'®. In addition, females may
also undergo estrogen deficiency due to other events 888,179,180
thereby, extending this estrogen-deficient state in the life
of many women.

Traditionally, studies of age-related loss of skeletal
muscle function and strength have been lacking in females.
However, clinical and preclinical studies have shown that
estrogen deficiency contributes to muscle strength loss in
females 181817184  For example, some studies highlight that
strength loss was prevented and/or reduced in perimenopausal
women and postmenopausal women on estrogen-based hormone
therapy compared to postmenopausal women and those not on
therapy ?5-116:18, Similarly, in rodent studies, skeletal muscle
force generation is lower in ovariectomized (Ovx) females and
those treated with E2 had muscle force restored to ovarian-
intact females ?23. Furthermore, E2 has been shown to confer
an overall beneficial effect on skeletal muscle, such as
increased muscle mass after disuse atrophy %, less muscle
fiber injury and inflammation !*’, and increased activation

and proliferation of satellite cells ! directly implicating
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E2 as the «critical ovarian hormone in skeletal muscle
function.

Protein phosphorylation, a reversible post-
translational modification that fine tunes cellular function
and signaling, contributes and regulates a host of skeletal

muscle activity, such as fiber-type differentiation, muscle

hypertrophy, plasticity, regeneration, excitation-
contraction coupling, calcium (Ca?") sensitivity, and
contractile function 32,117,120-126,189,190 Skeletal muscle

contraction also acts as an external stimulus that induces
phosphoproteomic alterations 189,150 In particular,
phosphorylation of myosin regulatory light chain (pRLC) has
been shown to regulate conformational states of myosin,
impacting myosin kinetics and binding to actin during
contraction. Preclinical studies have reported that pRLC is
1.8-fold lower in muscle of older compared to younger women,
while there was no difference between young and older men 3.
Furthermore, Ovx female mice had ~20% decrease in muscle force
in vitro, which correlated with 50% decreased pRLC compared
to Sham mice 3. As myosin is one of many proteins of the
sarcomere, we hypothesized that estrogen deficiency, via Ovx
or natural aging, will modulate phosphorylation of other
muscle proteins 1in response to contraction and force

generation. We used two mouse models of estrogen deficiency:
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an ovariectomy model (to represent physiological 1loss of
estrogen) and a natural aging ovarian senescence model (to
represent aging more comprehensively, including estrogen loss
and other factors), and compared their phosphoproteomic
profiles to their —respective controls. Performing a
comparative analysis across both datasets, the present work
identified parallel alterations in protein phosphorylation
and molecular and cellular signatures. Importantly,
identification of novel altered phosphosites and candidate
kinases and phosphatases sensitive to the presence of
estrogen will help advance our understanding of the
contributions of estrogen deficiency to muscle strength loss
in aging females.
RESEARCH DESIGN AND METHODS
Animals

Female C57BL/6J (6, 4, and 24 mo) mice were purchased
from Jackson Laboratories (Bar Harbor, ME, USA). All mice
were housed in groups of four to five with access to
phytoestrogen-free food and water ad libitum. The room was
maintained on a 14:10 h light/dark cycle. All experiments and
procedures were approved by the University of Minnesota
Institutional Animal Care and Use Committee.

Experimental Design
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The study design to investigate the skeletal muscle
phosphoproteome after contraction in two models of estrogen
deficiency, ovariectomy (Ovx vs. Sham) and natural aging (0Old
vs. Young) (n = 3-4/group), is summarized in Figure 1A.
C57BL/6J female mice (6 mo) were randomly assigned to a sham
or ovariectomy surgery. Sham and Ovx mice were 14 mo at the
terminal experiment and Ovx mice were estrogen deficient for
32 wk. Vaginal cytology was performed 4 weeks post-surgery
and uterine mass was measured at the terminal experiment. Old
(24 mo) and Young (4 mo) mice were purchased from Jackson Lab
and were acclimatized for two weeks before the terminal
experiment. We chose aged mice of 24 mo of age as C57BL/6J
mice are ovarian-senescent between 16-20 mo '°!. An in vivo
muscle contraction protocol of the anterior crural muscles
was performed on each mouse in all four groups. The protocol
(detailed below) primarily consisted of one maximal isometric
tetanic contraction. A single tetanic contraction was chosen
to mitigate potential complications of muscle fatigue that
might occur with multiple maximal contractions. Immediately
following the muscle contraction protocol, the contracted
tibialis anterior (TA) muscles from anesthetized mice were
dissected within 5 min, flash frozen in liquid nitrogen, and
stored at -802C until sample preparation and phosphopeptide

enrichment for nanoflow LC-MS/MS acquisition.
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Sham and Ovariectomy surgeries

Anesthetized (1.75% isoflurane and 200 ml O, per min)
mice received a subcutaneous injection of slow-release
buprenorphine (1lmg/kg) immediately prior to surgeries.
Bilateral ovariectomy via abdominal incisions were made to
locate the ovaries which were excised in Ovx mice, and located
but not removed in Sham mice. The abdominal muscle wall
incisions were closed with 6—0 silk sutures and 7 mm wound
clips closed the skin incision.
In vivo muscle contraction protocol

Mice were anesthetized (1.25% isoflurane and 125 O, per
min) and positioned on a temperature-controlled platform as
previously described '%°. Briefly, the 1left knee was
immobilized and the left foot secured to an aluminum “shoe”
that was attached to the shaft of an Aurora Scientific 300B
servomotor. Utilizing sterilized platinum needle electrodes
(FE212, Grass Technologies Warwick, RI, USA), inserted to
stimulate the left common peroneal nerve, voltage and
electrode placement were optimized with 3-5 twitch
contractions (0.1 ms pulse). Following optimization, an
isometric tetanic contraction of the anterior crural muscles
(the TA being the primary muscle in that group) was elicited

(1000 Hz for 1000 ms with 0.1 ms pulses), with a twitch
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contraction performed 10 s prior and two post-tetanic twitch
contractions at 2 s and 30 s after the tetanic contraction.
Protein extraction, digestion, and phosphopeptide enrichment
Frozen dissected TA muscles as described above in the
Methods were pulverized into powder with a cryo-grinder
(liquid nitrogen cooled mortar and pestle), lysed (10 ul lysis
buffer per mg of tissue) in protein lysis buffer (7M urea, 2M
thiourea, 0.4M Tris pH7.5, 20% acetonitrile, 4 mM TCEP) with
1X HALT Protease & Phosphatase Inhibitor Cocktail (Thermo
Fisher Scientific, Rockford, IL, USA), and sonicated for 5 s
using a probe sonicator (Branson Digital Sonifer, Emerson,
St. Louis, MO, USA) set at 30% amplitude, all done on ice.
After sonication, a 160 ul aliquot of each lysate was placed
in the Barocycler® NEP2320 (Pressure Biosciences, South
Easton, MA, USA) at 372C, with pressure cycles set at 35,000
psi for 20 s, then 0 psi for 10 s for 60 cycles for further
protein homogenization. Once pressure cycling was complete,
samples were transferred to a new 1.5 ml Eppendorf protein
LoBind tube and 200 mM chloroacetamide stock solution was
added for a final concentration of 8 mM to alkylate proteins
(1:24 dilution) and incubated for 15 min at room temperature.
Samples were spun down at 15,000 x g for 10 min at 18¢9C.
Aliquots of supernatant were used to determine protein

concentration using the Bradford assay. For trypsin
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digestion, 500 ug total protein was digested with 12.5 ug
sequencing grade modified trypsin (Promega, Madison, WI, USA)
and incubated at 379C in a warm air incubator overnight (~ 16
h). Samples were acidified to 0.2% trifluoroacetic acid (TFA)
to a final volume of 1 ml and extracted using 1 cc Oasis HLB
Solid Phase Extraction cartridges (Waters Corporation,
Milford, MA, USA) for clean-up. Briefly, lcc HLB cartridges
were equilibrated by passing 1 mL of 80% acetonitrile, 0.1%
TFA over the cartridge followed by passing 1 mL of 0.1% TFA.
The sample was passed over the cartridge followed by washing
the sample with 1 mL 1% acetonitrile, 0.1% TFA over the
cartridge. Peptides were eluted with 0.5 mL 50% acetonitrile,
0.1% trifluoroacetic acid and vacuum dried to remove
acetonitrile. Lysates were stored at -80¢2cC until
phosphopeptide enrichment. Phosphopeptide enrichment was
performed with the High-Select™TiO, Phosphopeptide Enrichment
Kit (Thermo Fisher Scientific, Rockford, IL, USA). Eluted
peptides were dehydrated using a speed-vac.
Nanoflow LC-MS/MS

Approximately 600 ng of peptide mixture, contained in a
1 ul aliquot of 98:2, water:acetonitrile, 0.1% formic acid,
were analyzed in data dependent acquisition mode by liquid
chromatography (LC)-nano ESI-mass spectrometry (MS) with an

Ultimate 3000 Dionex RSLC nano LC system online with an
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Orbitrap Fusion Tribrid mass spectrometer (Thermo Fisher
Scientific, Rockford, IL, USA). Peptides were separated
during a linear gradient with the following profile: 5-22 %
solvent B in 70 min, 22-35 % solvent B over 35 min, and 90%
solvent B held for 10 min. Solvent A was water with 0.1%
formic acid and solvent B was 80% acetonitrile with 0.1%
formic acid. The 50 cm column was packed in house using
ReproSil-Pur 120 Cl18-AQ 1.9 um (Dr. Maisch, Ammerbuch-
Entringen, Germany) in a PicoTip 75 um inner diameter (New
Objective, Littleton, MA, USA). Data acquisition was acquired
with the following MS parameters: ESI voltage 2.1 kV, ion
transfer tube 275 °C; Easy-IC internal calibration; Orbitrap
MS1 scan 120k resolution in profile mode from 380 — 1580 m/z
with 100 msec injection time; 100% (4 x 10E5) automatic gain
control (AGC); MS2 was triggered on precursors with 2 — 6
charges above 5 x 10E4 counts; MIPS (monoisotopic peak
determination) was set to Peptide; MS2 settings were: 1.6 Da
quadrupole isolation window, higher energy collisional
dissociation activation at 35% collision energy, Orbitrap
detection with 60K resolution at 200 m/z, first mass fixed at
110 m/z, 150 msec max injection time, 100% (5 x 10E4) AGC and
40 sec dynamic exclusion duration with +/- 10 ppm mass

tolerance.
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Phosphoproteomics database search, phosphoprotein and
phosphopeptide quantification

The raw MS files were processed by Proteome Discoverer
v2.4 (Thermo Fisher Scientific, Rockford, IL, USA). MS/MS
spectra were searched against the UniProtKB/Swiss-Prot mus
musculus database (55,474 entries, UniProt UP000000589,
downloaded November 2019) with the Sequest HT search engine
embedded in Proteome Discoverer v2.4. Parameters were set as
follows: MS1 tolerance of 15 ppm, MS/MS mass tolerance of
0.05 Da, trypsin (full) digestion with a maximum of two missed
cleavages, minimum peptide length of 6 and maximum of 144
amino acids. Cysteine carbamidomethylation (57.02 Da) was set
as a fixed modification, and methionine oxidation (15.99 Da),
asparagine and glutamine deamidation (0.98 Da), acetylation
of the N-terminus (42.01 Da), and phosphorylation of
tyrosine, serine, and threonine (79.97 Da) were set as dynamic
modifications. A false discovery rate (FDR) of 1% was set for
peptide-to-spectrum matches using the Percolator algorithm
(v3.02.1) and for protein assignment. Phospho-localization
scoring was performed with the IMP-ptmRS v2.0 node and only
phosphopeptides with a localization score > 0.8 were used for
quantification. Unique and and razor peptides were used for
quantification. Precursor abundance quantification was based

on area and normalized by total peptide amount. All peptides
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were used for normalization for protein quantification;
however, only phosphorylated peptides were used for pairwise
ratios and protein roll-up.

Label-free quantitation (LFQ) of phosphopeptides were
performed with normalized abundances using the Proteome
Discoverer LFQ algorithms. The protein ratio was calculated
as the geometric median of the phosphopeptide group ratios,
and the phosphopeptide group ratios were calculated as the
geometric median of all combinations of phosphopeptide ratios
from all the Dbiological replicates in the study.
Phosphopeptides that had a high 1% FDR confidence were used
for further analysis. We applied a maximum p-value filter of
0.05 and a minimum relative fold change of phosphoprotein and
phosphopeptide expression at 1.4 to the PD quantification
results. Phosphoproteins and phosphopeptides were considered
significantly and differentially regulated if they had an
adjusted p-value < 0.05 and were defined as downregulated if
they had a fold change = -1.4 or upregulated if they had a
fold change =z 1.4.

Kyoto Encyclopedia of Genes and Genomes (KEGG), Reatome, and
Gene Ontology (GO) enrichment analysis

Significantly and differentially regulated

phosphopeptides were mapped back to their precursor protein

and the list of phosphoproteins was used for
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overrepresentation analysis using the clusterprofiler package
in R v4.1.1 133.134, Comparative enrichment analysis of the
Ovx/Sham and 0ld/Young datasets were performed for GO terms
in all three domains: cellular component, molecular function,
and biological process. Additionally, KEGG and Reactome
pathway enrichment analyses was performed with
clusterprofiler and the ReactomePA packages in R 135, Cluster
analysis using the Kmeans algorithm was performed on the top
10 KEGG and Reactome pathways. Overrepresented pathways and
GO annotation terms were considered significant if they had
a Benjamini — Hochberg adjusted p-value < 0.05.

Ingenuity Pathway Analysis (IPA)

IPA (Qiagen, Redwood City CA, USA) was used to perform
core analyses on the on the phosphopeptides from Ovx/Sham and
0ld/Young datasets. A comparative analysis across both core
analyses was performed in IPA using the activation Z-score
algorithm to predict the activation states of pathways,
functions, and upstream regulators from both datasets. The Z-
score measures how closely the observed expression pattern of
the molecules from the datasets compare to the expected
expression pattern based on the literature for a particular
annotation. Molecules from the dataset that met the cutoffs,
= 1.4-fold change ratio and adjusted p-value < 0.05 were

considered for analysis.
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Statistical analyses

Relative phosphoprotein quantification was analyzed in
Proteome Discoverer v2.4 (Thermo Fisher Scientific, Rockford,
IL, USA) using a background t-test. Fisher'’s exact test was
used in IPA to calculate p-values for the association or
overlap between the identified molecules in the dataset and
a given pathway/process/function. Benjamini-Hochberg post-
hoc analysis was used to correct for multiple comparisons.
The predicted activation state in the
pathways/functions/upstream regulators in IPA were measured
as a Z-score. Significant activation or inhibition was
accepted at |Z| = 2. Significance was accepted at a < 0.05
level.
RESULTS
Mouse Characteristics

Significant differences in body mass across the groups

were measured (p < 0.001) (Fig. 1B). Mean body mass for Sham,
Ovx, Young, and Old mice are 35.8 * 3.9, 38.4 + 6.2, 22.3 =
1.0, and 30.1 + 5.4, respectively. Uterine mass was
significantly different between Ovx and Sham mice (p < 0.016),
with the mean uterine masses being 19.3 + 5.1 and 135.7 =
70.2, respectively (Fig. 1C). In addition, cytology confirmed
persistent diestrus in Ovx mice and estrous cycling in Sham

mice, as expected.
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Figure 4.1. Schematic of experimental design created with
Biorender.com and mouse demographics. A) 6 mo C57BL/6J female
mice were assigned to a Sham or Ovx group and underwent their
respective surgeries. Young and 0Old mice were 4 mo and 24 mo,
respectively. The left leg of anesthetized mice was subjected to
in vivo contractions and then tibialis anterior muscles were
immediately dissected. Frozen TA muscles underwent peptide
extraction with +trypsin digestion and TiO, phosphopeptide
enrichment. nLC-MS/MS was performed on the Orbitrap Fusion Tribid
mass spectrometer for label-free phosphoproteomic analysis. B)
Body mass of all four groups of female mice measured before the
terminal contraction experiment. Data were analyzed by a one-way
ANOVA and a main effect of group was found (p < 0.001); n = 3-
4/group. C) Uterine mass of Sham and Ovx mice after the terminal
contraction experiment. Data were analyzed by a pooled t-test
(Ovx vs. Sham, p = 0.016); n = 4/group. Values represents mean
SD. # Significantly different from Young, *Significantly
different from 0ld, and & Significantly different from Sham.

Comparative skeletal muscle phosphoproteomes in Ovx/Sham and
0ld/Young mice

97



In the two models of estrogen-deficient mice, a total of
2,593 phosphopeptides and 3,507 phosphopeptides were
identified in Ovx/Sham and 0ld/Young TA muscles, respectively
(Figs. 2A & B). Phosphorylation was most prevalent on serine
(Ser, ~ 78%), followed by threonine (Thr, ~ 17%), and tyrosine
(Tyr, ~ 4%), which is consistent with literature and was
similar across both datasets (Figs. 2C & D)!°?, demonstrating
reproducible sample preparation and peptide detection.
Further analysis identified 222 and 408 significantly and
differentially regulated phosphopeptides in Ovx/Sham and
0ld/Young datasets, respectively (Figs. 2E & F).

The datasets were processed to identify intersecting
proteins and phosphosites, which were then deemed to be
associated with estrogen deficiency. After filtering for
robustness (i.e., relative abundance detected in at least 3
out of the 4 biological replicates in Ovx or Sham and 2 out
of 3 Dbiological replicates in 0ld or Young groups), 66
estrogen-deficiency associated phosphoproteins were
identified (Supplemental Table 1). From these 66
phosphoproteins, four were significantly and differentially
expressed (eukaryotic translation initiation factor 4E-
binding protein 1, ankyrin repeat domain-containing 2, heat
shock protein beta-6, and heterogeneous nuclear

ribonucleoprotein U-like protein 2) in the 0ld/Young dataset.
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Two (phosphoacetylglucosamine mutase and myc box-dependent
interacting proteinl) were significantly and differentially

expressed in the Ovx/Sham dataset.
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Figure 4.2. Characteristics of the Ovx/Sham and 01l1ld/Young
phosphoproteomes. Proteome Discoverer (v2.4) was used for
database search and identification of phosphopeptides analysis.
Venn diagram of identified phosphopeptides unique to each group
and common to both groups in A) Ovx/Sham and B) 01ld/Young
datasets. Prevalence of phosphorylation on amino acid residues
serine (S), threonine (T), and tyrosine (Y) in C) Ovx/Sham and
D) 0ld/Young datasets. Volcano plots of differentially regulated
phosphopeptides (p < 0.05 and 1.4-fold change) in E) Ovx/Sham and
F) 0ld/Young mice.
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A total of 21 estrogen-deficiency-associated phosphosites
were found across the two datasets, of which 4 phosphosites
were significantly and differentially regulated in both,
tumor protein D54 Ser-166, ATP synthase subunit alpha Ser-
521, calpastatin Ser-82, and H/ACA ribonucleoprotein complex
subunit DKC1l Ser-481 (Table 1). Calpastatin (CAST) Ser-82 and
H/ACA ribonucleoprotein complex subunit DKC1l Ser-481 were the
only two phosphosites that had the same directionally across
both datasets (downregulated in the estrogen-deficient
groups). Although we did identify estrogen-deficiency
associated phosphosites on six sarcomeric proteins (myozenin-
1 Ser-134, desmin Ser-28, nexilin Ser-559, Jjunctophilin-1
Ser-501, troponin T Ser-2, and myosin regulatory light chain
2 Ser-16), only myozenin-1 Ser-134 was significantly and
differentially regulated in the 0ld/Young; whereas, myozenin-
1 Ser-164 and troponin T Ser-2 were significantly and
differentially regulated in the Ovx/Sham datasets. These data
show that Ovx and Old mice compared to their respective
control, Sham or Young, had some similar phosphoproteomic
alterations in contracted muscles induced by estrogen
deficiency.

Table 4.1. Estrogen-deficiency associated phosphosites in
Ovx/Sham and 0ld/Young datasets.
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Log2 Log2
Uniprot ratio: ratio:
Accession Gene Phosphosite ovx / ola /
ID Symbol Protein Description (Score) Sham Young
Tpd521
A2AUD5S 2 Tumor protein D54 S166(100) 6.64 -6.64
Atp5f£f1 ATP synthase subunit
Q003265 a alpha, mitochondrial S5521(100) 1.61 -6.64
Q8CE04 Cast Calpastatin S82(100) 6.64 6.64
NADH dehydrogenase
[ubiquinone] 1 beta
subcomplex subunit 5,
Q9CQH3 Ndufb5 mitochondrial S182(100) 1.04 -6.64
H/ACA
ribonucleoprotein
Q9ESX5 Dkcl1 complex subunit DKC1 S481(100) -6.64 -6.64
Q9JK37 Myozl Myozenin-1 $134(100) 3.23 6.64
Heat shock protein
Q5EBG6 Hspbé6 beta-6 S16(100) -0.80 -3.38
Glyceraldehyde-3-
AOA1D5RLD Gm1035 phosphate
8 8 dehydrogenase T182(100) -0.58 -2.88
P31001 Des Desmin 528(100) -0.87 -2.53
P48678 Lmna Prelamin-A/C S$390(100) -0.93 -2.18
AOA494B9J Ankyrin repeat domain- S$321(100);
0 Ankrd2 containing protein 2 T325(100) -1.09 -2.28
Histidine rich calcium
G5E8J6 Hrc binding protein S104(100) -3.25 -1.33
Phosphoacetylglucosami
Q9CYR6 Pgm3 ne mutase S64(100) 1.30 -1.51
AOAO0G2JEX
1 Nexn Nexilin S$559(100) 3.54 -1.40
AOAQ0AOMQC Microtubule-associated
7 Mapt protein S188(100) -6.64 -0.61
Histidine rich calcium
G5E8J6 Hrc binding protein S354(100) 0.36 -1.17
S390(100);
P48678 Lmna Prelamin-A/C S$392(100) -0.10 -1.19
Q9ET80 Jphl Junctophilin-1 S501(100) 3.43 1.14
Q9JK37 Myozl Myozenin-1 $164(100) -6.64 -1.40
AOAOR4J1B
1 Tnnt3 Troponin T S2(100) -6.64 -0.42
Myosin regulatory
P97457 Mylpf light chain 2 S16(99) 0.45 -0.01

Note. The red font denotes significantly and differentially
regulated phosphosites (BH p-value <0.05 & |FC| > 1.4).

GO term overrepresentation analysis

To gain insight on the biological significance of

estrogen deficiency in the skeletal muscle phosphoproteome
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after contraction in Ovx and Old mice, a comparative GO term
overrepresentation analysis was performed. The top 10 most
overrepresented GO terms for cellular compartment, molecular
function, and biological process are shown in Fig. 3A, B, and
C, respectively. There was significant overrepresentation of
GO terms (FDR < 0.05) across all GO domains with numerous
similarities between both datasets. GO molecular function
analysis had similar terms enriched in both datasets relating
to actin/actin filament binding, structural constituent of
the cytoskeleton and muscle, calmodulin binding, tropomyosin
binding, and translation regulator activity. However, there
was a preferential enrichment in phosphatase activity in the
Ovx/Sham dataset; whereas, a preferential enrichment in
translation activity in the 0ld/Young dataset (Fig. 3A). All
top 10 GO cellular component terms pertaining to the muscle
fiber were enriched across both datasets, with reduced
enrichment in the myosin complex in the 0ld/Young dataset.
Likewise, all GO Dbiological process terms except one,
glycogen metabolic process, was enriched across both
datasets. Overall, the top 10 GO term enrichments across many
molecular functions, and essentially all cellular components
and biological processes were consistent in the Ovx/Sham and

0ld/Young datasets suggesting that estrogen deficiency confer
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parallel changes in the skeletal muscle phosphoproteome after

force generation.
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Figure 4.3. Comparative GO term enrichment analysis between
Ovx/Sham and 0ld/Young. Phosphopeptides were mapped back to
their precursor protein and submitted for Gene Ontology (GO)
overrepresentation analysis using the clusterProfilier package
in R. The top 10 overrepresented GO terms in the dataset for A)
molecular functions, B) cellular components, and C) biological
processes are listed. P-value was adjusted using Bejamini —
Hochberg post-hoc analysis for multiple comparison. Significant
GO terms were accepted at p.adjusted < 0.05.

KEGG and Reactome Pathway overrepresentation analysis

To further explore biological pathways associated with
estrogen deficiency in the datasets, overrepresentation
analysis of KEGG and Reactome pathways was performed. Using
the K-means clustering algorithm, mutual overlapping pathways
were clustered together via the similarity between nodes, and
the stronger the similarity, the shorter and thicker the

connecting lines (Fig. 4). Similar to the GO term analyses,
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among the top 10 pathways, all but one KEGG and three Reactome
pathways were associated across both datasets. Only the
“pathways of neurodegeneration — multiple diseases” from the
KEGG analysis was unique to the 0ld/Young dataset. Out of the
four apoptosis related pathways from the Reactome analysis,
three were unique to the Ovx/Sham dataset suggesting that
apoptosis was more of a factor for Ovx than it was for 0ld
“natural” aging mice. In summary, many enriched KEGG and
Reactome ©pathways were similar across both datasets
suggesting that these pathways may be sensitive to estrogen

levels and may contribute to muscle contractile dysfunction.
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Figure 4.4. Comparative KEGG and Reactome pathway enrichment
analysis between Ovx/Sham and 0l1d/Young. Phosphopeptides that had
a significant differentially regulated phosphorylation site (p
value < 0.05 and -0.38 = log2 ratio = 0.38) were mapped back to
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their precursor protein and the list was submitted to R for
analysis of KEGG and Reactome pathways. The top 10 overrepresented
A) KEGG and B) Reactome pathways were clustered using Kmeans
clustering. The size of the circle represents the number of
proteins associated to the pathway.

IPA’'s Predicted Downstream Effects and Upstream Regulator
Analytics

Next, the identified phosphopeptides from the Ovx/Sham
and 0ld/Young datasets were submitted to IPA to perform core
analyses. A comparative analysis between the two core
analyses was then performed to identify parallel activation
states via IPA’'s Z-score algorithm across IPA-derived
molecular and cellular functions, canonical pathways, and
upstream regulators. For reference, IPA's Z-score indicates
a predicted overall activation or inhibition of
functions/pathways and activated or inhibited upstream
regulators, where a negative Z-score signifies an inhibition
and a positive Z-score signifies activation 193,
IPA Molecular and Cellular Functions Analysis

Seventeen biological processes were identified across
both datasets with similar directionality of activation and
were broadly related to muscle quantity and function,
filament formation and stabilization, transport of molecules,
autophagy, and RNA expression and translation (Fig. 5A). Four
molecular and cellular functions (quantity of muscle,

necrosis, force generation, and expression of RNA) were in
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activated states with necrosis being significantly activated
(Z-score = 2.52) in the 0ld/Young dataset. The remaining
molecular and cellular functions were in inhibited states
with polymerization of filaments being the most inhibited (Z-
score = 1.94) in the Ovx/Sham dataset. These parallel
molecular and cellular functions identified across both
datasets suggest a compromise not only in the force generating
capacity of skeletal muscle but also mechanisms involved in
skeletal muscle maintenance and integrity when estrogen is
deficient.
IPA Canonical Pathway Analysis

Seven canonical pathways were identified having the
same directionality of activation across both datasets, with
all showing inhibition except for 14-3-3 protein mediated
signaling which was activated in an estrogen deficient
condition (Fig. 5B). All pathways were significantly enriched
(p < 0.05) across both datasets except for phagosome formation
in the 0ld/Young dataset (p = 0.299). The top three canonical
pathways, AMPK signaling, 14-3-3 protein mediated signaling,
and calcium signaling, had significant activation Z-scores in
the Ovx/Sham dataset (-2.23, 2.0, and -2.0, respectively).
The similarities in inhibition or activation of canonical
pathway profiles indicate important calcium, kinase, and

cellular signaling in skeletal muscle that may be compromised
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in estrogen-deficient mice, which could in turn contribute to

changes in muscle force generation.
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Figure 4.5. IPA’'s predictive downstream effect and upstream
regulator analytics between Ovx/Sham and 0ld/Young.
Phosphopeptides identified in both the Ovx/Sham and 0ld/Young
datasets were submitted to IPA for comparative analysis of A)
canonical pathways, B) functions, and C) kinases and phosphatases
using IPA’s predictive activation Z-score to determine downstream
and upstream effects of estrogen deficiency. Pathways, functions,
and kinases identified in both datasets are represented.
Significant Z-scores were accepted at |Z| 2= 2.



IPA Upstream Regulatory Analysis

Ten upstream regulators (i.e., candidate kinases and
phosphatases) were identified across both datasets (Fig. 5C).
All candidate kinases and phosphatases were inhibited
(negative Z-scores) with the exception of serine/threonine-
protein phosphatase 2A catalytic subunit (PPP2C) being
activated in both the Ovx/Sham (Z-score = 0.79) and 0ld/Young
(Z-score = 1.98) datasets. Mitogen activated protein kinase
1 (MAPK1l also known as ERK2, Z-score = -3.23) and cAMP-
dependent protein kinase (PKA) catalytic subunit alpha
(PRKACA, Z-score = -2.74) were significantly inhibited and
SET (Z-score = -1.94) and AMPK (Z-score = -1.92) was highly

inhibited in the 0ld/Young compared to the Ovx/Sham dataset

(Z-scores = -0.58, -1.07, -0.57, and -1.13 for MAPK1l, PRKACA,
SET, and AMPK, respectively). Calcineurin proteins(s) (Z-
score = -2.11) was the only phosphatase regulator that was

significantly inhibited in the Ovx/Sham dataset compared to
the 01ld/Young (Z-score = -0.13). Overall, the parallel
activation status of these candidate kinases and phosphatases
across both datasets suggests sensitivity to the loss of
estrogen in skeletal muscle of female mice, with more robust
inhibited or activated status in the 0ld/Young group
potentially due to compounded effects of aging.

DISCUSSION AND IMPLICATIONS
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The purpose of this study was to utilize two models of
female estrogen deficiency, ovariectomy and natural aging-
induced ovarian senescence, to identify estrogen sensitive
alterations in the phosphoproteomic landscape of skeletal
muscle after contraction. We identified parallel alterations
in molecular and cellular signatures and pathways in both
models related to skeletal muscle contractile function and
structural integrity coupled with enriched pathways for AMPK,
14-3-3, and calcium signaling. This work provides insight
into phosphorylation alterations and potential candidate
kinases and phosphatases impacting the force-generating
capacity of skeletal muscle due to estrogen deficiency that
may underlie muscle strength loss in females.

Significant upregulation of calpastatin (a calpain
inhibitor) phosphorylation combined with altered
phosphorylation of calpain substrates - downregulation of
desmin and troponin T in both datasets and downregulation of
myosin regulatory light chain phosphorylation in 01ld/Young
dataset with upregulation in the Ovx/Sham dataset highlighted
in our study may imply abrogation of calpain activities.
Hyperphosphorylation of calpastatin positively regulates
calpain inhibition %%, and modifications on calpain
substrates, such as phosphorylation or dephosphorylation, has

been shown to regulate the susceptibility of the substrate to
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calpain degradation 195, Calpain-mediated proteolytic
activities in skeletal muscle are crucial for myofibrillar
protein turnover and aid in muscle plasticity through
disassembly of the myofibril !°¢*, For example, reduced desmin
degradation coupled with increased calpain inhibition may not
only be indicative of aberrant proteolytic activities
required for muscle remodeling, but may also lead to the
retention of damage proteins. Particularly, desmin
fragments/misfolding can form desmin-derived amyloids;
thereby, disrupting myofibrillar organization and functions
197, Impaired proteostasis, by decreased proteolytic activity
and/or increased protein aggregation — a hallmark in skeletal
muscle aging !°®, may contribute to the loss of strength in
females due to estrogen deficiency.

The present study suggests that loss of estrogen
modulates kinase and phosphatase activities that may affect
the force-generating capacity of muscle in female mice, as
predicted by the significant changes in activation status
from IPA’'s upstream regulator analysis. All identified
kinases and phosphatases had analogous directionality of
activation in both models of estrogen deficiency with
MAPK1/ERK2 and PRKACA predicted to be significantly inhibited
in the 0ld/Young dataset. Identification of the involvement

of the MAPK pathway via MAPK1/ERK2 as a potential candidate

112



kinase sensitive to estrogen level 1is consistent with
previous work 32. Total MAPK1/ERK2 levels have also been
reported to be significantly decreased in skeletal muscle
from Ovx compared to Sham mice after a fatiguing contraction
protocol !*°, and reduced activation was observed after a bout
of resistance exercise in older men compared to younger men
200, Furthermore, C2Cl2 cells exposed to hydrogen peroxide
exhibited cytoskeleton disorganization, mitochondrial
redistribution, and fragmented nuclei — features associated
with apoptosis, and were rescued upon E2 pretreatment, which
was found to exert anti-apoptotic effects wvia ERK and p38
MAPK activation 2°., Therefore, downregulation of MAPK1/ERK2
activity may indicate increased activation in apoptotic
pathways and increased perturbations of the cytoskeleton,
consistent with our enrichment analyses.

Another candidate kinase identified from IPA’s upstream
regulator analysis was PRKACA. PRKACA is the catalytic
subunit alpha of PKA that is released upon binding of cAMP to
the regulatory subunit dimer of PKA. Unlike MAPK1/ERK2, there
is limited information on the specific role of PRKACA in
skeletal muscle. However, PKA was also identified as a
potential candidate kinase sensitive to E2 32, Overexpression
of the PKA catalytic domain in skeletal muscle was revealed

to inhibit Forkhead box O activity and contribute to muscle
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remodeling 2°?. In addition, incubation of skeletal muscle
single fibers with PKA enhanced contractile function by
modifying protein-binding protein C in old compared to young
men 2%, Importantly, it is well established that PKA regulates
calcineurin 2%, which was also predicted to be downregulated
in both estrogen deficient models. Calcineurin inhibition
has been shown to induce muscle defects, such as fiber
atrophy, immature myotube formation, calcification, and
inflammation 2°°.The impact of PKA and/or calcineurin have been
extensively studied and details on their impact on
hypertrophy, regeneration, metabolism, and muscle disorders
in skeletal muscle can be found in a number of exceptional
reviews 200211, The implication of both PKA and calcineurin
being inhibited in our two models suggest comprised
contractile function, fiber maturation, and muscle remodeling
that may in turn contribute to decreased force-generating
capacity of skeletal muscle in estrogen-deficient females,
whether via Ovx or aging ovarian-senescent.

In summary, the current study examining the impact of
estrogen deficiency in the skeletal muscle phosphoproteome
after contraction and force generation, identified
corresponding alterations in protein phosphorylation,
pathways, and upstream regulators in both Ovx and natural

aging ovarian-senescent female mice. The results provide two
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rich datasets for further study of estrogen deficiency-
induced phosphoproteomic alterations in female skeletal. Our
study highlights, calpastatin phosphorylation at Ser-82 as a
candidate phosphosite, and MAPK1/ERK2, PRKACA, and
calcineurin as potential upstream regulators sensitive to
estrogen deficiency that may contribute to changes in the
force-generating capacity of skeletal muscle. Future studies
based on these bioinformatic and computational analyses, and
potentially incorporating estrogenic treatments, will be key
confirmatory experiments to test the extent to which the
predicted candidate phosphosites, kinases and phosphatases,
and pathways affect muscle strength in aging females.
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the ProteomeXchange Consortium via the PRIDE partner
repository with the dataset identifier PXD035171. Username:

reviewer pxd035171@ebi.ac.uk, Password: SuCF3XI6

In summary, results from this project revealed protein
phosphorylation changes and predicted altered kinases and
phosphatase activity that may underlie the decreased in force
generation observed in Ovx and ovarian, senescent aged female
mice. Similar phosphoproteomic alterations identified across

molecular and cellular signatures and pathways in both
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datasets were related to decreased DES Ser-12
phosphorylation, increased CAST Ser-1 phosphorylation, and
inhibition in AMPK signaling, 14-3-3 protein mediated
signaling, and calcium signaling. Additionally, identified
upstream regulators sensitive to estrogen deficiency that had
predicted inhibition in activity were MAPK1/ERK2, PRKACA, and
calcineurin. Taken together, the similarities identified in
both datasets could elucidate the molecular characteristics
of proteins that might contribute to decrements in muscle
strength observed in Ovx and 0Old female mice due to estrogen

loss.

117



Chapter 5

Overall discussion and
conclusions
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Dynapenia severely impacts the physical function and
health span of the aging population. While the best
intervention to offset the loss of skeletal muscle strength
remains to be exercise via resistance training and continued
physical activity, potential therapeutics, such as estrogen
replacement therapy in women and E2 treatment in female mice,
have been shown to help prevent skeletal muscle strength loss.
However, the controversies and risks of wusing estrogen
replacement therapy remain and push the field of female
skeletal muscle biology to identify not only the underlying
mechanisms of strength loss but also potential novel targets
to aid in the development of therapeutics to help mitigate
strength loss in aging females. The projects undertaken in
this dissertation aimed to reveal potential mechanisms and
novel targets of muscle strength loss using mass spectrometry
discovery-based phosphoproteomics coupled with bioinformatic

tools and computational predictive modeling.

In Chapter 3, we investigated protein phosphorylation
alterations in skeletal muscle induced by estrogen
deficiency. We hypothesized that estrogen deficiency would
remodel the skeletal muscle phosphoproteome in Ovx compared
to Sham female mice. Agreeing with our hypothesis, estrogen
deficiency altered protein phosphorylation in Ovx compared to

Sham mice. Among these phosphoproteomic alterations included
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sarcomeric proteins (TPM, MYH2, MYO2, and OBSCN) and proteins
related to calcium and metabolic signaling. Furthermore, our
predictive modeling found inhibition of contractility,
consistent with what we and others have observed in vitro and
in vivo, along with other predicted deficits in skeletal
muscle function, such as inhibition of phagosome formation
and activation in dysregulation of the cytoskeleton.
Importantly, we identified two novel upstream regulators,
CDK6 and PRKCE, as candidate kinases potentially sensitive to
estrogen 1levels that may regulate the phosphoproteomic
alterations observed and contribute to skeletal muscle
strength loss in females. We also proposed dysregulation in
AMPK-YAP1l mediated signaling to also contribute to skeletal
muscle dysfunction. Findings from this study of resting, non-
contracted muscle revealed an already modified skeletal
muscle phosphoproteome in estrogen deficient mice that could
alter force generation. Therefore, we next sought to
investigate the skeletal muscle phosphoproteome in contracted

muscles.

Chapter 4 examined estrogen-deficiency associated
protein phosphorylation alterations in contracted muscles of
Ovx and ovarian senescent, aged female mice compared to their
respective controls (Sham and young mice, respectively). As

ovariectomy is a well-used model of female aging to probe the
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primary estrogen biology loss with age, it is nonetheless a
model and one that is imperfect. Therefore, to address whether
the estrogen deficiency-related phosphoproteomic alterations
and predictions are truly associated with female aging, we
performed a comparative analysis across both the surgical
(Ovx/Sham) and aging (0ld/Young) groups. The similarities
found across both groups in protein phosphorylation
alterations, GO terms, signaling pathway patterns (KEGG and
Reactome pathways), and predicted upstream regulators
suggests that these parallel findings are likely estrogen
deficiency-induced. Specifically, we identified increased
CAST Ser-82 phosphorylation in both Ovx and 0Old female mice.
In addition, we identified three upstream regulators across
both analyses, MAPK1/ERK2, PRKACA, and calcineurin, to
potentially be sensitive to estrogen deficiency. Thus, both
experiments provide bi-directional support for each other
(i.e., ovariectomy is a reasonable model of aging in our
experiment, and the changes observed in aging are due to the
loss of estrogen since that is the key downstream outcome of

ovariectomy) .

Overall, this dissertation provides robust datasets for
future investigations on how estrogen deficiency impacts the
female skeletal muscle phosphoproteome. Notably, the results

from these projects reveal that skeletal muscle protein
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phosphorylation is altered in estrogen-deficient females,
which may, in turn, contribute to dynapenia. Future studies
investigating the physiological significance of these two
comprehensive phosphoproteomic analyses through loss of
function or gain of function studies may generate valuable
insight into the molecular regulators and signaling cascades
contributing to the debilitating clinical phenotype of
skeletal muscle strength 1loss. Specifically, mechanistic
studies from this work include but are not limited to the

following:

1. Functional testing of identified candidate phosphosites,
kinases, and phosphatase to validate their physiological

relevance and significance

2. Development of targeted phosphoproteomic parallel reaction
monitoring mass spectrometry method to assay protein

phosphorylation sites associated with muscle strength loss

3. Creation of a biomarker panel for skeletal muscle strength

loss

4. Development of treatments and therapeutic interventions to

help mitigate muscle strength loss.
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Supplementary Figure 3.1 Distribution of up- and down-regulated
molecules that map to IPA’s canonical pathways The number of
downregulated and upregulated phosphoproteins observed from the

dataset were mapped to IPA’'s annotated canonical pathways.

The

top 10 canonical pathways are shown. The total number of molecules
annotated to the pathway from IPA’s Knowledge Base are listed at
the end of the stacked bar graph. The green and red bar represents
down- or upregulated molecules in Ovx relative to Sham muscle
observed in our phosphoproteomics dataset.
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Supplementary Figure 3.2 E2 targets and interactions with
upstream regulators. Based on the phosphorylation alterations in
the dataset, IPA’'s prediction algorithm was used to predict the
activation state of E2 as an upstream regulator. The number in
the upper right box next to the molecule denotes the number of
phosphopeptides observed in the dataset for the molecule. (A) E2
targets measured in our dataset that supports the predicted
inhibition of E2 are shown. (B) E2 relationship with other
predicted upstream regulators that describe the alterations seen
in the dataset are plotted. See Figure 5 for explanation of color
scheme, edges, and nodes.
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Supplemental Table 4.1 Estrogen-deficiency associated
phosphoproteins in Ovx and 0ld mice

Phosphosite | Phosphosite
(Score): (Score):
Uniprot ID Protein description Ovx/Sham 0ld/Young
Eukaryotic translation T40(88.2);
initiation factor 4E- T45(90.8); T36(94.4);
060876 binding protein 1 T69(100) T45(99.8)
S56(100);
S72(99.4); S72(99.2);
Ankyrin repeat domain- $321(100); S$321(100);
AQ0A494B9J0 containing protein 2 T325(100) T325(98.2)
Heat shock protein beta- S16(100);
Q5EBG6 6 S157(100) S16(100)
S159(100);
S183(100);
Heterogeneous nuclear S186(100);
ribonucleoprotein U-like | S159(100); $191(100);
Q00PIO protein 2 S226(98.4) S226(94.1)
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G3UW82

Myosin heavy chain 2,
MCG140437

142

T257(100);
T258(100);
T381(100);
Y413(100);
T415(100);
T444(100);
S649(99);
T667(100);
T687(100);
S745(100);
T761(100);
T793(100);
T918(100);
T986(100);
T1000(100);
T1026(100);
T1028(100);
$1044(100);
$1095(100);
S1135(100);
$1147(100);
S1165(100);
T1198(100);
S1206(100);
$1240(100);
S1268(100);
T1282(99.3);
S1306(100);
S1309(100);
T1316(100);
S1373(100);
Y1382(100);
T1390(100);
Y1467(99.3);
S1483(100);
S1498(100);
T1504(100);
T1520(100);
S1577(100);
S1603(99.3);
T1607(100);
S1614(100);
T1653(100);
S1717(100);
T1725(100);
T1733(100);
T1739(100);
$1742(100);

T218(100);
S225(100);
T257(99.4);
T258(99.2);
T381(100);
Y413(100);
T415(100);
T444(100);
T619(99);
S650(98.9);
T667(100);
S735(100);
S745(100);
T761(100);
T793(100);
T944(100);
T967(100);
T995(100);
T1000(100);
T1026(100);
$1044(100);
$1095(100);
S1135(100);
$1147(100);
S1165(100);
T1195(100);
S1206(100);
$1240(100);
T1244(100);
S1268(100);
T1282(99.2)

T1289(100);
S1306(100);
S1309(100);
T1316(100);
S1369(100);
S1373(100);
T1380(100);
T1384(100);
T1390(100);
S1483(100);
T1486(100);
S1498(100);
T1504(100);
S1517(100);
T1520(100);
S1577(100);
S1614(100);
S1639(100);
T1653(100);
S1717(100);
T1733(100);




T1767(100);
T1782(100);
T1796(100);
S1835(100);
T1858(100);
T1861(100);
$1901(100);
$1922(100)

$1742(100);
T1767(100);
S1835(100);
T1861(100);
$1901(100);
$1922(100)

Phosphoacetylglucosamine

Q9CYR6 mutase S64(100) S64(100)
S9(100);

S50(100); S48(100);

S85(100); S50(100);

Y114(100); T73(100);

T129(100); S85(100);

T216(99.2); Y114(100);

S219(99); T129(100);

P16015 Carbonic anhydrase 3 S227(100) 5219(99.2)
S220(100);
S543(99.2);

S563(100);

S543(100); S566(100);

S546(98.7); S596(99);

S596(99.2); S618(100);
S618(100); $629(97.6);

$629(97.8); S704(100);

T744(100); T744(100);

S767(91.5); S813(100);

S813(100); S895(100);

S895(100); S899(100);

Q91YES Synaptopodin-2 S899(100) S903(100)

T121(100);

S156(100); T121(100);

T228(100); S245(100);

Triosephosphate S245(100); S254(99.4);

P17751 isomerase S273(100) S273(100)
S132(99); S132(98.8);

D3YVS1 Smoothelin S$313(100) S313(100)
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S40(98.4);
$228(100);
$253(100);
S265(100);

$302(98.6);
$310(100);
$325(100);
$339(100);

$342(99.6);

S40(100);
S43(100);
$205(100);
$228(100);
$253(100);
S265(100);
S300(95.8);
$325(100);
S339(100);

G3UWY3 Protein cordon-bleu S365(100) S342(99)
S$221(100);
S221(100); S252(100);
S252(100); S$328(100);
S$328(100); S471(99.9);
S473(100); S473(100);
S518(100); S518(100);
S677(100); S677(98.3);
S813(100); S813(100);
S876(98.7); | S876(99.2);
S954(100); S954(100);
Cardiac-enriched FHL2- S1176(100); | S1347(100);
D3z1D3 interacting protein 51384(100) 51384(100)
S2(100); S2(100);
S138(100); T6(100);
S146(100); S146(100);
AOAOR4J1B1 Troponin T S5182(100) 5182(100)
S462(94.8); | S477(100);
Ubiquitin associated S477(100); 5604(98.2);
AQA0G2JDV6 protein 2-like S$609(100) S609(100)
S23(100);
S23(100); S$229(100);
S229(100); $361(98.9);
T545(100); T545(100);
S1153(100); | S1006(100);
S1165(100); | S1165(100);
S1169(100); | S1169(100);
T1184(100); | S1181(100);
S1628(100); | S1628(100);
D3YUT2 Alpha-protein kinase 3 S1638(100) S1638(100)
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$82(100);

S82(100); S136(100);
Q8CE04 Calpastatin S136(100) T396(100)
S53(100);
ATP synthase subunit 553(99.2); S65(100);
Q003265 alpha, mitochondrial S$521(100) S521(100)
T81(100);
T180(100);
T182(99);
5208(99.2); T81(100);
T209(98.9); | T182(98.9);
S264(100); S5208(99);
Y316(100); S264(100);
Glyceraldehyde-3- S$319(100); S$319(100);
AOA1D5S5RLD8 | phosphate dehydrogenase S331(100) S331(100)
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Histidine rich calcium

S81(100);
$104(100);
$129(100);
S139(100);
S141(100);
S150(100);
$199(100);
S201(100);
$219(100);
$228(100);
$249(100);
$253(100);
$272(100);

S305(98.5);
$324(100);
$332(100);
¥339(100);
$354(100);
S376(100);
S385(100);
S390(100);
S402(100);
S421(100);
S449(100);
S466(100);
S474(100);
S483(100);

S516(98.4);
$520(100);
$527(100);
$528(100);
S542(100);
S565(100) ;
S569(100);
S591(100);
S595(100) ;
S640(100);

S81(100);
$104(100);
$129(100);
S141(99.5);
S150(100);
S151(100);
$219(100);
$228(99.2);
$249(100);
S253(100);
$272(100);
$324(100);
$332(100);
S354(100);
S390(100);
S402(98.8);
T403(98.8);
S421(100);
S466(100);
S474(100);
S483(100);
S516(98.1);
S517(98.9);
S520(100);
$527(100);
S528(100);
S542(100);
S565(100) ;
S569(100);
S591(100);
S595(100) ;
S640(100);

G5E8J6 binding protein S641(100) S641(100)
T34(99.8);

S38(100);

Caveolae-associated S42(100);

protein 1 0S=Mus S42(99.1); S120(100);

musculus 0X=10090 S169(100); S169(100);

054724 GN=Cavinl PE=1 SV=1 $302(99.4) S$302(100)
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T63(100);
S115(100);
S153(100);
T243(100);
$297(100);
$320(100);
S375(100);
S417(100);
S437(100);
S439(100);
S455(100);
S484(100);
T607(100);
S610(100);
S626(100);
S696(100);
S736(100);
T750(100);
S757(100);

T63(100);
S115(100);
S153(100);
T184(99);
T220(100);
$297(100);
$320(100);
S375(100);
S417(100);
S437(100);
S439(100);
S601(100);
T607(100);
S609(100);
S610(100);
S626(100);
T630(100);
S696(100);
S711(100);
$722(98.4);
T735(99.1);
S736(98.8);
T750(100);
S757(100);

088990 Alpha-actinin-3 Y¥850(100) ¥850(99.2)
S25(96.8);

S28(100); S28(100);

S68(100); S48(100);

$81(99.8); S60(100);

P31001 Desmin S343(100) S68(100)
S22(99.2); S22(99.3);

S390(100); S390(100);

S$392(100); S$392(100);

P48678 Prelamin-A/C S637(100) S637(100)
S519(100); S512(100);

$521(100); $521(100);

S575(100); S567(100);

Stromal interaction S602(75); S575(100);

P70302 molecule 1 S660(100) S660(100)

147




P70670

Nascent polypeptide-
associated complex
subunit alpha, muscle-
specific form

$257(100);
S565(100) ;
T590(100);
S765(100);
$822(100);
S929(100);
T946(98);
S947(97.4);
S951(98);
$1039(100);
S1177(100);
$1208(98.7);
S1285(100);
S1303(100);
S1400(100);
$1492(100);
S1579(100);
S1583(100);
S1715(100);
S1727(98.7);
$2138(100)

$249(100);
$257(100);
S442(100);
S519(99.9);
S565(100) ;
T590(100);
$822(100);
S843(99.9);
S929(100);
S947(97.6);
S951(99.9);
$1039(100);
$1120(100);
S1174(100);
S1177(100);
S1285(100);
S1303(100);
T1398(99.9)

S1400(100);
T1405(96.9)

S1478(100);
S1489(100);
$1492(99.1)

S1579(100);
S1583(100);
S1627(98.9)

S1715(100);
S1727(98.8)

S1744(100);
T2131(96.2)

$2138(100)

Q148WwW8

Inactive dual
specificity phosphatase
27

S555(100) ;
S562(100)

S305(100);
S555(100) ;
S966(100);
T1009(91.4)

S1016(99.8)
T1025(100);

$1029(100);
$1034(100)
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S19(100);
S76(100);
S78(99.1);
S95(100);
S106(100);
S145(100);
¥209(100);
S239(98.8);
T294(100);
T296(100);
¥317(100);
S535(100);
S555(100) ;
T563(100);
S613(100);
T626(100);
S737(100);
S762(100);
S763(99.2);
T776(100);
S828(100);
S863(100);
T1015(100);
Y1024 (100);
Y1265(100);
$1272(100);
S1274(100);
S1311(100);
S1315(100);
S1319(100);

S76(100);
S78(100);
S106(100);
S145(100);
S162(100);
¥209(100);
T294(100);
T296(100);
Y317(100);
T445(100);
S472(100);
S535(100);
S555(100) ;
Y570(100);
T626(100);
T676(98.8);
S737(100);
S740(99.1);
S762(100);
S763(100);
T776(100);
S828(100);
S839(100);
S863(100);
Y1024 (100);
S1046(100);
S1057(100);
$1102(100);
Y1265(100);
S1274(100);
S1311(100);
S1315(100);
Y1400(100);

Q14BI5 Myomesin 2 S51446(100) S1446(100)
Chloride channel protein S704(100);

Q064347 1 $682(100) $892(100)

S297(100);

S423(100); $297(98.8);

Q80WJ7 Protein LYRIC S565(100) S565(100)
S58(100); S58(100);

Q9CT10 Ran-binding protein 3 S146(100) T458(99.9)
S194(100);
S1129(100);
S1131(100);
S901(100); S1141(100);
S$1141(98.8); | S1143(100);

Q9ET54 Palladin S1146(100) S1146(100)
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Myosin regulatory light

Q9QVP4 chain 2 $23(98.7) 523(98.8)
$21(90.3);

S23(100);

S26(100);
S136(90.7);

S139(100);

S143(100);

S26(100); S145(100);

S139(100); S146(99);
S146(99); S197(96.3);
Voltage-dependent L-type | T158(100); 5198(96.2);
calcium channel subunit | T201(95.5); | T201(98.4);

A2A542 beta-1 S454(100) S454(100)
$623(98.9);

S667(100);
S675(95.8);

$621(99.2); S730(99);

S885(100); S753(100);

S949(100); S844(97);

T1174(100); S885(100);
S1177(100); | S949(97.3);
S1194(100); | T1174(100);
S1228(97.9); | S1177(100);
S1230(97.5); | S1194(100);
S1254(100); | S1228(98.2)

S1282(100); ;

S1299(100); | S1292(100);
S1366(100); | S1299(100);
S1378(100); | S1366(100);

AQOA087WQ94 Tensin 1 S1385(100) S1385(100)
S234(100);

S234(100); S396(100);

S376(100); S398(100);
S396(100); S440(95.1);

S$398(100); T449(100);

S440(100); S451(100);

S494(100); S494(100);

S576(100); S576(100);
Proline-rich basic S772(98.7); | §772(98.6);

AOA087WR45 protein 1 $848(100) S848(100)
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S19(100);

S19(100); S54(100);
S58(100); S58(100);
S61(100); S61(100);
Nuclear ubiquitous S75(100); S75(100);
casein and cyclin- S79(100); S79(100);
dependent kinase S180(100); S180(100);
AOAQ087WRY3 substrate 1 S213(100) S213(100)
S267(100);
S273(100);
S267(100); T277(100);
S273(100); S293(100);
Myc box-dependent- T277(100); S303(97.9);
AOA3Q4EBK4 interacting protein 1 S5293(100) 5305(98.1)
S84(100); S40(96.3);
S128(100); S84(100);
S420(100); S219(100);
S513(100); S362(100);
Y549(100); S513(100);
S608(100); Y549(100);
S667(100); S584(100);
Y796(100); S608(100);
S855(100); Y796(100);
S1099(100); S831(100);
¥1325(100); S855(100);
S1343(100); S971(100);
S1587(100); S990(100);
S1723(100); | S1000(98.9)
T1753(99.1); ;
Y1813(100); | S1099(100);
S1831(100); | S1205(100);
Y2057(100); | Y1325(100);
S2075(100); | S1723(100);
Y2544(99.2); | T1753(99.3)
S$2596(100); ;
S$2839(100); | Y1813(100);
¥Y3030(100); | T1862(97.9)
S3082(100); ;
¥3273(100); | S2026(100);
S$3325(100); | Y2057(100);
Y3516 (100); | S2177(100);
¥3759(100); | S2420(100);
S3811(100); | Y2544(100);
Y4002(100); S2667(98);
S4020(100); | S2943(100);
T4185(98); Y3030(100);
Y4245(99.2); | S3186(100);
S4263(100); | ¥Y3273(100);
AQA571BF58 Nebulin Y4730(100); | S3429(100);
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152

S4913(100);
S5015(100);
T5151(100);

S5445(98.9);
S5480(100);
Y5702 (100);
S5894(100);
S6423(100);
S6459(100);
$6528(100);
S6918(100);
T7050(100);
T7143(100);
T7174(100);
T7200(100);
T7231(100);

T7236(100)

Y3516(100);
Y3759(100);
Y4002 (100);
$4020(100);
Y4245(100);
S4611(100);
Y4730(100);
T5151(100);
S5445(98.8)

S5645(100);
Y5702(100);
S5888(100);
S5894(100);
T5972(100);
S6423(100);
S6459(100);
S6462(100);
$6528(100);
S6811(100);
S6852(99)




$7257(100);
T7317(100);
T7346(100);
S7359(100);
S7374(100);
S7397(100);
S7405(100);
S7408(100);
S7419(100);
S7457(100);
S7460(100);
T7464(98.3)

T7050(100);
T7143(100);
T7174(100);
T7231(100);
T7236(100);
S7257(100);
T7346(100);
S7359(100);
S7374(100);
S7390(100);
$7392(100);
S7397(100);
$7399(97.8)

S7405(100);
S7408(100);
S7416(98.1)

S7419(100);
S7447(89.7)

S7456(100);
S7457(100);
S7460(100);
S7463(96.4)
T7464(98.3)

S7484(100)
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E9QLJO

Cardiomyopathy-
associated protein 5

S52(100);
S142(100);
S155(100);
S289(100);
S313(98.9);
S705(100);
S786(100);
$794(98.7);
$1019(100);
S1797(100);
$1924(97.9);
S2072(98.8);
S2129(100);
S2144(100);
S2186(99);
S2348(100);
S2444(100);
S2842(100);
S3067(100)

S142(100);
S155(100);
S174(100);

$199(98.4);
$289(100);
S705(100);
S708(100);

S786(99.9);
S951(100);

$1019(100);

$1022(96.9)

T1023(97.2)
$1030(98.3)
S1160(96.5)

T1163(100);
$1692(100);
S1794(97.8)

S1797(100);
S2072(100);
S2129(100);
$2144(100);
S2186(100);
S2348(100);
S2680(100);
S2688(98.7)

T2689(98.4)
S2767(100);
$2842(100);
S3067(96.9)

$3087(100)
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E90025

Striated muscle-specific
serine/threonine-protein
kinase

S19(100);
S316(100);
S375(100);
T379(100);
$385(97.2);
S423(100);
S439(100);
S463(100);
S481(100);
S493(100);
S511(100);
S518(100);
T546(99.4);
S554(100) ;
S578(100);
S860(100);
S1177(100);
S2004(100);
S2019(100);
$2020(100);
$2042(100);
S2052(100);
S2114(100);
S2135(100);
$2171(100);
S2182(98.2);
S2204(96.6);
$2288(100);
T2303(100);
$2327(100);
$2347(100);
S2359(100);
S2361(100);
S2396(100);
S2413(100);
$2451(100);
S2461(100);
$2462(99.2);
S2487(99);
T2488(100);
$2499(100);
$2562(95.2);
S2777(100);
T2847(100);
$2936(100)

S19(100);
S316(100);
S375(100);
T379(100);
S394(100);
S423(100);
S439(100);
T453(100);
S457(100);
S463(100);
S490(100);

S511(97.5);
S518(100);
S531(100);
S542(100);

T546(98.7);
S554(100) ;
S860(100);

S865(99.9);

S1177(100);

$1993(98.1)

S2004(100);
$2019(100);
$2020(100);
$2042(100);
$2052(100);
$2099(100);
S2114(100);
S2135(100);
S2171(98.4)

S2182(100);
S2204(96.4)

S2288(100);
T2303(100);
$2327(97.1)

S2361(100);
S2396(100);
S2413(100);
S2442(97.8)
S2446(95.6)
S2447(95.6)
S2451(100);
S2461(100);
S2462(99.2)

$2476(100);
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T2488(100);
$2499(100);
S2503(100);
$2527(96.8)

S2530(96.8)

S2777(100);
T2847(100);
S2936(100);
S2944(98.4)

S24(100);
T35(100);
T103(100);
$128(99.3);
T166(100);
S178(100);
T180(98.6);
T313(100);
T322(100);

$24(100);
T35(100);

Y125(100);
S128(99.3);
T166(100);

Y174(99.7);
T313(100);
T322(100);

P07310 Creatine kinase M-type S372(100) S372(100)
T41(100);
S57(100); T41(100);
S67(100); S57(100);
S77(100); S67(100);
S97(98.4); S77(100);
S127(99.4); Y175(100);
Y148(100); S202(100);

P52480 Pyruvate kinase PKM S5202(100) Y370(100)
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S61(100);
S63(99.3);
T79(100);
S87(100);
T108(100);
Y162(100);
S179(100);
S206(100);
T252(100);

S61(100);
$63(99.2);
T79(100);
S87(100);
T108(100);
Y162(100);
$215(99.3);
T237(100);
$245(100);
T252(100);
Y267(100);

P58774 Tropomyosin beta chain Y267(100) S283(99)
S15(100);

S16(99.1);

Myosin regulatory light T25(96.7);
P97457 chain 2 516(99.2) T35(100)
T64(100); T64(99.1);

T257(100); T68(100);

T258(100); T218(100);

T381(100); S225(100);

Y389(100); T257(99.4);

Y413(100); | T258(99.2);

T415(100); T381(100);

T444(100); Y389(100);

T619(100); | T415(100);

S625(100); | T444(100);

S649(99); T619(100);

T667(100); S625(100);

T687(100); S635(100);

S745(100); $650(98.9);

T761(100); | T667(100);

T793(100); S745(100);

S904(100); | T761(100);

T918(100); T793(100);

T986(100); S900(100);

T1000(100); S904(100);

T1026(100); | T944(100);

T1028(100); | T967(100);

S1044(100); T995(100);

S1072(99.2); | T1000(100);

S1095(100); | T1026(100);

S1135(100); | S1044(100);

S1147(100); | S1072(100);

S1165(100); | S1095(100);

T1198(100); | S1135(100);

S1206(100); | S1147(100);

S1246(100); | S1165(100);

S1264(100); | T1195(100);

T1281(100); | S1206(100);

S1291(100); | S1229(100);

058X40 Myosin-1 S1303(100); | S1246(100);
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158

S1309(100);
T1316(100);
S1334(100);
Y1354 (100);
S1373(100);
Y1382(100);
T1390(100);
Y1467(99.3);
S1483(100);
S1485(100);
S1498(98.9);
T1504 (100);
T1520(100);
S1557(100);
S1577(100);
S1603(99.3);
T1607(100);

S1248(100);
S1264(100);
T1289(100);
S1303(100);
S1309(100);
T1316(100);
S1334(100);
Y1354(100);
S1369(100);
S1373(100);
T1380(100);
T1384(100);
T1390(100);
$1483(100);
$1485(100);
Y1495(100);
T1504(100);




S1614(100);
T1653(100);
S1717(100);
T1725(100);
T1733(100);
T1739(100);
$1742(100);
T1767(100);
T1782(100);
T1858(100);
T1861(100);
S1880(100);
S1896(100);
$1922(100)

S1517(100);
T1520(100);
S1557(100);
S1577(100);
S1614(100);
S1639(100);
T1653(100);
S1717(100);
T1733(100);
S1742(100);
T1767(100);
T1861(100);
S1880(100);
S1896(100);
$1922(100)

O5XKE0

Myosin-binding protein C

T26(100);
S40(100);
S56(100);

S105(97.8);

S163(100);
S172(100);
$295(100);
S404(100);
S476(100);
S482(100);
S548(100);
T583(100)

T26(100);
S40(100);
S105(100);
S156(100);
S160(100);
S163(100);
S172(100);
$295(100);
S404(100);
S476(100);
S482(100);
S548(100);
T564(100);
T583(99.3);
S900(98.9)
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S172(100);
T430(100);
T464(100);
S780(100);

$1044(100);

$1049(100);
$1075(100);
$1077(100);

S172(100);
S404(100);
S405(98.5);
S780(100);
T811(100);
$1043(97.6)

$1049(100);
S1075(100);
S1077(100);

Q70IV5 Synemin S1502(100) 51087(100)
T222(97.9);

S224(97);
S228(94.3);

S5228(94.5); S244(100);

T229(86.5); S304(100);
T234(95.5); | S317(98.1);
T302(98.2); | S432(97.4);

S304(100); S442(100);

S432(100); S464(100);
S442(100); Y490(98.9);

S464(100); S491(100);

S491(100); T503(100);

T503(100); Y558(100);

Y558(100); S569(100);

S$592(100); S592(100);

Y816(100); Y816(100);

S848(100); S848(100);

T873(100); S878(100);

Q7TQ48 Sarcalumenin S882(100) S882(100)
S4(100);

T96(100);

S98(100);

T122(100);

S98(100); S124(100);

S124(99.1); S131(100);

S126(99.4); S138(100);

S131(100); S250(100);

$250(99.2); S252(100);

S265(100); S265(100);

T270(100); T270(100);

Smoothelin-like protein S274(100); S274(100);
Q8CI12 2 S339(100) S339(100)
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CAP-Gly domain-
containing linker

S146(98.4);
$199(100);
$203(100);
S311(100);

S146(97.6);
$194(100);
$199(100);
$203(100);
S311(100);
S347(100);

092233 protein 1 S347(100) S1317(100)
Protein kinase C and S$319(100); S276(100);
casein kinase II S354(100); S354(100);
Q99JB8 substrate protein 3 S383(100) S383(100)
Protein phosphatase S122(100); S122(100);
Q9DCLS8 inhibitor 2 $123(100) S$123(100)
T57(100);
S147(100);
T237(100);
T57(100); $291(100);
S147(100); T308(100);
S201(100); S369(100);
S$291(100); S411(99.1);
S411(99.1); T412(99);
S431(100); T435(100);
S449(100); S574(100);
S574(100); S590(100);
S590(100); S594(100);
S594(100); S595(97.3);
S624(100); T744(100);
Q9JTI91 Alpha-actinin-2 S840(100) S5840(100)
S16(99.3); S15(100);
T23(100); S16(99.2);
S30(100); T23(100);
S57(100); S57(99.2);
S80(98.5); S80(100);
$82(98.8); $82(98.8);
S83(100); S83(100);
S118(98.5); | S118(98.5);
S121(100); S121(100);
S134(100); S134(100);
S141(100); S164(100);
Q9JK37 Myozenin-1 S164(100) S5183(100)
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S728(100);
$927(100);
$1443(100);
T1740(100);
$3448(100);
T4037(100);
S4389(100);
S4393(100);
S4396(98);
S4629(100);
S4633(100);

S728(100);
$927(100);
$1443(100);
T1740(100);
$3448(100);
T4037(100);
S4392(100);
S4393(100);
S4396(100);
S4398(98.1)

S4625(100);
S4627(89.1)

S4629(100);
S4633(98.9)

S4637(98);

090Xxs1 Plectin S4649(100) S4649(100)
S26(100);

Y186(100);

Y204 (100);

S430(100);

Y473(100);

S26(100); S514(100);

Y186(100); S524(100);

Y204(100); Y732(100);

S430(100); Y733(100);

Glycogen phosphorylase, Y473(100); S748(99);

QI9WUB3 muscle form 5524 (100) S5831(100)
Y44(99.1);

Y44(99.1); S412(100);

S412(100); S641(100);

S641(100); S645(100);

S645(100); $649(98.5);

S652(100); S653(100);

S653(100); S657(100);

S657(100); S672(100);

Glycogen [starch] S672(100); S711(98.2);

Q9Z1E4 synthase, muscle S711(98.5) S728(99.9)
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S61(100);

Muscular LMNA- S387(100); S61(100);

VIGWW6 interacting protein S511(93.3) S$387(100)
S80(100);

S86(100);

S87(100);

S345(100);

S352(100);

S80(100); S360(100);

S360(100); S500(100);

S500(100); S559(100);

AQA0G2JEX1 Nexilin $559(100) T566(96.3)
S166(100); S166(100);
S175(100); S171(99.1);

A2AUDS Tumor protein D54 S5189(100) 5189(100)
S186(100);

T191(100);

S186(100); T242(100);

T191(100); T441(100);

$229(99.2); S488(100);
T242(100); T533(98.6);

T441(100); S547(100);

T533(100); T554(100);

S547(100); T569(100);

Sarcoplasmic/endoplasmic | T569(100); S581(100);
reticulum calcium ATPase | S581(100); S643(100);

Q8R429 1 S643(100) $693(90.9)
T58(96.3);

S128(100);

S128(100); T142(100);

Q91VK2 Eefld protein S157(100) S157(100)
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Q9ET78

Junctophilin-2

S162(98.8);
$228(100);
$231(100);
$234(100);
T453(100);
S462(100);

T470(96.3);
T483(100);

$514(99.9);
$527(100);
S533(100);

S613(100)

$228(100);
T230(100);
S231(100);
$234(100);
S440(99);
T453(100);
S462(100);
T470(100);
S479(95.4);
T483(100);
S514(100);
T518(98);
$520(97.9);
$527(100);
S533(100);
S593(100);
S597(100);
S613(100);
T621(100)

Q9ET80

Junctophilin-1

S162(98.9);
S165(100);
S186(100);
S216(100);
$220(100);
S238(100);
$241(100);
S448(100);
S452(100);

T461(98.1);
S465(100);

S469(98.1);
S475(100);

S480(98.8);
S490(100);
S496(100);
S501(100);
$527(100);
$593(99.2)

S171(91.8);
S174(99.6);
T190(98.8);
S216(100);
S220(100);
S413(100);
S448(100);
S452(100);
T460(98.4);
T461(98.2);
S465(100);
S468(100);
S469(98.4);
S475(100);
S490(100);
S496(100);
S501(100);
$532(100)
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F8WIS9

Calcium/calmodulin-
dependent protein kinase
type II subunit alpha

S333(98.9);
$344(98.6)

S333(96.6);
$344(100)

AOAOAOMQC7

Microtubule-associated
protein

S188(100);
S494(100);
S506(100);
S688(100);

S696(98.6);
S708(98.6)

S188(100);
S491(100);
S494(100);
S506(100);
T523(100);

$529(98.9);
S688(100);
$692(100);

S696(100)
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